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ZIiE FUEL CELL - STATUS AND FiACKGiIOUND* 

bY 

H. A .  LiPbhafshT and D. L. Douglas 
Generzl E l e c t r i c  Co., Schenictady, Hiex York 

ABSTRACT 

A feir h i s t o r i c a l  remarks on f u e l  ce l l  develop&mnt and 
a b r i e f  review of chemical thermodynamics as appl ied to f u e l  c e l l s  
will be given. r 'uel c e l l s  w i l l  be c l a s s i f i e d  on the basis of f u e l  
cm2.s; i n  p r t i c u l a r ,  the hydrogen-o-vgen c e l l  develo2ed a t  General 
E lhc t r i c  w i l l  be used as an exaxple t o  coxpite pwformnce  of this 
t p e  3f c o l l .  

i r  Ymuscript  not received i n  time f o r  preprinting. 
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C B R E O N A ~ U S  FUEL CELLS" 

by 

H. A. Chambers and A.D.S. T a n t r a m  
Sondes Place &search I n s t i t u t e  

Corking, Surrey, England 

ASSTiLACT 

A brief  review of work a t  tne Sondes Place Research 
Laboratory on high temperature f u e l  c e l l s  w i l l  be presented. 
Par t icular  a t t e n t i o n  is  given t o  the problem of the operation 
of  high t e q x r a t u r c  f u e l  cells  on carbonaceous fdels. 

* Manuscript not received i n  tire f o r  preprinting. 
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Not  f o r  P u b l i a t i o n  

P resen ted  before the Division of Gas and F u e l  Chemis t ry  
Amer ican  Chemical  Society 

Atlantic City,  New J e r s e y ,  Meeting, Sep tember  13-18, 1959 

The Hydrogen-Oxygen (Ai r )  F u e l  Ce l l  with Carbon Elec t rodes  
by Kar l  Kordesch 

Re s e a r c h  Lab0 r a t0  r i e  s 
National Carbon Company 

Division of Union Carb ide  Corpora t ion  
Cleveland, Ohio 

I? t  rqduc tion 

The r e v e r s a l  of water  e l ec t ro lys i s  on platinum e lec t rodes  in  the, f i r s t  
hydrogen-oxygen ce l l  was demonstrated by W .  Grove in 1839. 
publications appea red  shor t ly  a f t e r  1900. . 
build p rac t i ca l  fuel ce l l s  s t a r t ed  a f t e r  World W a r  I, ending in the mid- th i r t ies  with- 
cut prac t ica l  r e su l t s .  
se t  by Carnot ' s  cyc le ,  d i scouraged  a l l  efforts to cons t ruc t  'fuel ba t t e ry  power plaxts.  
I t  is beyond the sccpe  of this pape r  to mention all the \-arious fuel c e l l  cons t ruc t ions  
t r i ed  during this per iod .  
ir? 1933 by E. Baur  and J .  Tobler .2  

E a r l y  theore t ica l  
Very  ex tens ive  competit ive e f for t s  to 

The improved heat engine,  in sp i te  of the efficiency l imi t  

F o r  a comprehensive s u m m a r y ,  s e e  the review wr i t ten  

P rac t i ca l  oxygen ca rbon  e l ec t rodes  became  well  known f r o m  expe r i -  
m e r t s  with a i r  depolar ized  zinc ba t t e r i e s .  Around 1930 G.  W.  Heise and 
E .  A .  Schumacher  a t  ths  National Carbon Company3 cons t ruc ted  long lasting 
"Air -Ce l l s "  with caus t ic  e lec t ro ly te ,  m o r e  powerful than the e a r l i e r  ce l l s  ope ra t -  
ing with ammonium chlor ide ,  But not before 1943, when W .  G. Be r l  published 
his st.udies, -I was the peroxide mechan i sm of the  ca rbon  oxygen e lec t rode  accepted .  

Af te r  World Wa' r  XI sc ien t i s t s  became  s t rongly  a w a r e  of the need to 
p re se rve  fos s i l  fuels by obtaining h igher  ene rgy  convers ion  efficiencies and  fuel 
ce l l  r e s e a r c h  was revived. 

Again it i s  imposs ib le  to mention all the p r o g r e s s  made in recent  y e a r s  
rbn m,+y different fuel ce l l  s y s t e m s ,  but for tuna te ly  m o s t  communications a r e  
a l r eady  collected in s u r v e y  publicstions and pape r s .  5 p  6~ 

As far as the carbon e lec t rode  fue l  ce l l  i s  concerned ,  0. Davtyzn in  
Rtlssiae experimented wit.h ca ta lyzed  carboll  e l ec t rodes  with unconvincing r e su l t s .  
E .  Jus t i  in Germany9  worked init ially with ca rbon ,  switching l a t e r  to porous m e t a l  
e lec t rodes .  The l a c k  of durable  ca ta lys t s  aad  good ca rbon  ma te r i a l s  was obvious.  
The hi h p r e s s u r e  ce l l  of F. T .  Bacon s e e m e d  to be the oniy prospective fuel 
ce l l .  18 

In the mean t ime ,  realizing that the s imples t  g a s  e lement  was a ca rbon  
e lec t rode  ce l l  operating a t  room t empera tu re  on a i r ,  A. Marko and the au thor ,  at 
the University of Vienna, investigated catalyzing p rocedures  which l e d  to high 
cu r ren t  oxygen e l ec t rodes  f o r  alkaline ce l l s .  l1 A s h o r t  t ime  l a t e r  F. Kornfeil , '  
F. Martinola12 and H. Hunger 13 joined the r e s e a r c h  g roup .  
hydrogen-oxygen ca rbon  fuel c e l l s  looked ve ry  p romis ing ,  but i t  was s t i l l  difficult 
to obtain re l iab le  ca rbon  ma te r i a l .  

The performance of 

In 1955 the au thor  joined the  National Carbon Company and could make 
use  of the ca rbon  production exper ience  accumulated a t  t h i s  organization. Together 
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with R. R. Witherspoon and J .  F. '{eager, the present  fuel  cel ls  have been devel- 
oped. 

In the following par t  of t h i s  paper  the fundamental p r inc ip les  and the pe r -  
formance  pa rame te r s  of our  ce l l s  will be s t r e s s e d .  Technical descr ip t ions  of the 
per formance  of przct ical  ba t t e r i e s  have a l ready  been presented  by G.  E. Evans 
a t  the Twelfth and Thirteenth Annual Power Sources  Conferences of the U.S. Army 
Sign21 Resea rch  & Development Labora to r i e s .  5 

The Charac te r i s t i c s  of the Natior.21 Carbon Fuel  Cel l  

The construction of a l abora to ry  type hydrogen-air  fuel ce l l  with two 
concent r ic  e lec t rodes  is  shown in F igu re  1 .  
The ceT1 produces  electr ic i ty  a s  soon as hydrogen i s  fed into the inner  carbon tube. 
The outer  tube i s  exposed to a i r .  With m o r e  ce l l s  in s e r i e s  a common electrolyte  
c i r cu l l t i on  s y s t e m  is provided to remove  wa te r  o r  carbonate if necessa ry .  It 
should be noted that the C 0 2 - p i c h p  f rom the a i r  i s  astonishingly slow. The l a r g e r  
sur face  of the outer tube offsets the lower c u r r e n t  density of the a i r  e lec t rode .  
With pure oxygen-hydrogen ce l l s  we p re fe r  equal -sur face  e lec t rodes  to obtain proper  
ce l l  balance.  

The electrolyte  is  30 pe r  cent KOH. 

Tube bundle ce l l s  o r  plate ce l l s  a r e  chosen in this ca se .  

1.  The Oxygen Elec t rode  

The t ranspora t ion  of oxygen through the wrill of the carbon tube d e t e r -  
mines  the c u r r e n t  of the e lec t rode .  F i ck ' s  law fo r  l i nea r  diffusion allows a 
c d c u l a t i o n  of the p re s su re  d rop  between g a s  side and electrolyte side of the carbon 
wall .  7 Under a number of opera t ing  conditions,  it  amounts to seve ra l  percent  of 
the applied gas p r e s s u r e ,  dependicg on the load. No gas escapes  into the e l e c t r o -  
lyte  in a prop.erly operating cell .  The pore s t ruc tu re  i s  chosen such that a l a r g e  
p r e s s u r e  differential  i s  requi red  to produce gas  bubbles on the e lec t ro ly te -carbon 
interface.  Penet ra t ion  of the electrolyte  into the carbon i s  effectively stopped by 
a special  carbon repellency treatmen:.  

The oxygen molecule adsorbed  on the carbon sur face  i s  ionized in acco rd -  
ance with the 2-electron t r a n s f e r  p rocess :  

10 
Oz(sds.  ) + H,O + 2e- - HOZ- + OH- 

Using spec ia l  peroxide decomposing ca t a lys t s ,  the hydrogen peroxide concentration 
13 reduced  beyond the sen.sitivity of acalytical  t e s t s  to an es t imated  value of lo- ' '  
mo la r .  
2nd Knrdesch .  l 4  The low corcent ra t ion  of peroxide co r re sponds  to the open c i r -  
cuit  potential of 1.10 to 1 . 1 3  volts ,ag;inst the hydrogen e lec t rode .  
fo rmed  by decomposition of the X 2 0 z  i s  ent i re ly  reused .  
2-e lec t ron  p rocess  to an apparent  4-e lec t ron  mechanism.  
d i f fe rences  in  the open c i r cu i t  po!er,tial of the oxygen-water e lec t rode  r evea l s  that 
the e lec t rode  is - not following the equation 

Suitable catalysts  f o r  this  purpose a r e  descr ibed  in the patents by ivlsrko 

The oxygen 
This fact  changes the 

Only the 0.1 volt 

0, + 2H,0 + 4e - 40H- 

The hydrogen peroxide mechan i sm on ca rbon  e lec t rodes  w a s  also conf i rmed by 
E .  Ye.-ger and co -worke r s .  15 
open c i r cu i t  potential i s  -1 m v /  "C (negative).  
we found a positive coefficient o i  +0.75 m v / " C ,  increas ing  with the load. l 2  

The t empera tu re  coefficient of the oxygen e lec t rode  
Under a load condition of 10 malcm'  

In accordance with the th.eory,the oxygen e lec t rode  potential mus t  be 
dependent on the alkali concent ra t ion  of the electrolyte .  The pH function is shown 
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in F igure  2 .  The s lcpe  of t5.e cx.;ger-H?02-electrode cu rve  i s  about 30 to 3 2  m v  
per  pH unit ,  irL good .zgreement w i r . 5 .  the postulated value of 2 9  m v  r'or a 2-e lec t ron  
process .  
a r e  pot reproducible.  
measu re  of the actib-ity c0efficier.t.. 
determined by t i tration with I -N-sc l fur ic  ac id .  

In solutions c0r.rainir.g l e s s  tkan 0.  O1N-caustic, the potential values 
T5.e non-Iicearitv at hig!-.er caus t ic  concentration is a d i r ec t  

The a b s c i s s a  indicates normal i ty  of the KOEi, 

The potential of t5e oxygen-carbon e lec t rode  follows the Nerns t  equation. 
As a r e su l t .  such e lec t rodes  can be used f o r  the determination of oxygen par t ia l  
p r e s s u r e s .  The prac t ica l  u s e f u h e s s  of such  e lec t rodes  f o r  oxygen sensing e l e -  
ments is  ve ry  much inc reased  by the fact that  a 1 m a / c m 2  load  does  not cause  
m i r k e d  dev'ations f r o m  this behavior in the raage between 0. 1 to 1 0  a tmosphe res  
p re s su re .  
chznges on open c i r cu i t  measu remen t s  but not under  heavy load conditions. 
the l3 t te r  c a s e  the diffusion through the blocking iner t  g a s  causes  an  additional 
p re s su re  d r o p  a c r o s s  the carbon e lec t rode  wa?l. 

Tc ta l  p r e s s u r e  changes give the s a m e  indication as par t ia l  p r e s s u r e  
In 

Figure  3 shows typic31 p r e s s u r e  cu rves  of oxygen ca rbon  e lec t rodes ,  
measured ag;i?st an  F i g 0  re ference  e lec t rode .  

T t e  effect of hydroger  Feroxide concentrations in the electrolyte has  
beer: studied by E. Yenger and co-workers15 an.d recefitly again by W .  Vielsti'ch. l 7  
Tke influence of the pH value of the caus t ic  e lec t ro ly te  on :he hydrogen peroxide 
'deccmposition with and without c z t d y s t s  was studied by Hunger13 and led  to the 
remarkable  r e su l t  that  a min imum b.df l ife of peroxide i s  observed around pH-14. 
Differert  ca t a lys t s  change the half l i fe t ime seve ra l  magnitudes but the minimum 
s ' .&y~  in  the s a m e  pH regior.. In s t rong  caus t ic  solutions only the bes t  ca ta lys t s  
are useful. 
i n  H202 half life to va'ues one hundred ?Ed cne :hous;nd fold that a t  pH-14. 

Ucder pH-13 no catd;;st was fou-d whickL prevented a rapid inc rease  

2 .  The Hvdrceen ELectrode 

Hydroger is  r o t  acti*Je nn  u r t r ez t ed  ca rbon  e l ec t rodes  as shown by c a r e -  
iu;  exper imects  wit.?: ca rbons  f r ee  of he:-T:y o r  precious me ta l s .  
e lec t rodes  we deposit  ? c?.talyst on the e lec t rode  su r face .  

On o u r  h.ydrogen 

The r e sc t io r  occur r i rg  ? t  :,be cztalytrcally ac t ive  s i t e s  of the  hydrogen 
electrode C . ~ T  be r e p r e s e r t e d  bv tLe equation 

.2H(ads. on ca ta lys t )  F f A  ( g a s )  - 
2F;:ds.j  - 20H-  - 2H,O + 2e-  

As with the oxygen e l ec t r cde ,  the s t ruc tu re  of the hydrogen e lec t rode  i s  
impcrtAnt fo r  t h e  bes t  g?s diffusion ra te .  
solid/gas/i iquid,  bas *.o be es tab l i shed  by wetproofing of the carbon ma te r i a l .  
riddlrrco we had C.0 take preciution.s against  "internal drowning" of the H2-e lec t rode  
b y  the reaction product wa te r .  As indicated by the equation above, water  f o r m s  a t  
the anode and t3is c r e a t e s  a secc ' rd  cu r ren t - l imi t ing  situation, a t  l e a s t  a t  low t e m -  
pe r r tu re s .  

A permanent  t h ree  phase  zone: 
In 

( W . ~ . t e r - r e m o ~ k g  m e a s u r e s  wil: be d i scussed  in a l a t e r  pa rag raph . )  

The hydroger. e lec t rode  a l s o  foXows the theore t ica l  pH function v e r y  
closely a s  i s  shown in Figure  2 .  
the carbon-hydrogen e iec t rode  a r o d  f o r  de te rmina t ion  of activity coefficients.  
Electrode equilibria a r e  reack-ed ir minutes  ins tead  cf many hour s  as is  requi red  
with the P t / P t  b lack  e l ec t rode .  

The good reproducibil i ty of measu remen t s  makes  
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It i s  not ea sy  to poison o u r  carbon hydrogen e lec t rodes .  In four  yea r s  
of exper imenta l  testing of hydrogen e l ec t rodes ,  no e lec t rode  has failed a s  the resul t  
of catalyst  poisoning, except fo r  exper iments  in which l a r g e  amounts of cyanide 
were  de l ibera te ly  introduced. 
in such  quantit ies that l a rge  amounts of water  fo rm catalytically.  
recombination feature  prevents  accumulation of a dangerous gas mixture above the 
electrolyte .  In case  of acc ides ta l  g a s  leakage ,  this i s  important.  

Oxygen i s  de t r imenta l  only if mixed into the hydrogen 
This catalytic 

The open circui t  potential has  a sma l l  negative t empera tu re  coefficient.  
Under load the voltage inc reases  rapidly with t empera tu re ,  especially in the range 
between 20°C and 70°C. 

The p res su re  sensit ivity on open circui t  follows the Nerns t  equation. 
Under heavy load  conditioos, the p r e s s u r e  e f f ec t  i s  magnified because of the f a s t e r  
gas  diffusion and higher adsorption values reached under p r e s s u r e .  

3. Removal of Reaction Water  

In principle the re  a r e  fou r  ways of disposing of the reaction water :  

a. 
under  h igher  p re s su re .  

b. 

ape ra t ion  at  a t empera tu re  n e a r  o r  above lOO"C, in the l a t t e r  c a s e  

Operation at  low t empera tu res  under reduced p r e s s u r e ,  c u r r e n t  
densi t ies  even a t  100 m m  Hg a r e  above 20 m a / c m z  a t  0 .8  .,sit. 

c.  Use of g a s  circulating principle.  Water f r o m  the electrolyte  evapo- 
r a t e s  through the porous carbon wal l  espec ia l ly  if a t empera tu re  difference is set  up. 
The water  removal speed depends a l s o  on gas  flow ra t e s  and is l imi t ed  by the s a t u r a -  
tion value of water vapor.  
pe ra tu re  of 20°C, 180 g of wa te r  is t r a c s f e r r e d  by each  cubic m e t e r  of g a s  s t r e a m -  
ing through the electrodes.  
e v e r ,  we find more  water  a t  the anode if the ce l l  is operating. 

With a c e l l  t empera tu re  of 70 'C and a condenser t e m -  

Evaporation of water occur s  on  both e l ec t rodes ,  how- 

d. Operation a t  low cell  t empera tu res ,  allowing all the water  to en te r  
the electrolyte ,  with concentration of the electrolyte  in a s epa ra t e  the rma l  o r  low 
p r e s s u r e  unit .  F o r  low power applications considerable dilution of e lectrolyte  
can  be to l e ra t ed .  
F o r  example ,  a one ampere  cel l  can  be opera ted  f o r  one thousand hours with the 
production of l e s s  than one pound of water .  

The cell  ope ra t e s  a s  well in 20 per  cent KOH a s  in 50 pe r  cent KOH. 

4. Cell  Geometry  

Because of the many poss ib le  fuel ce l l  cons t ruc t ions ,  a compar ison  of 
different e lec t rode  a r r angemen t s  and  cel l  cons t ruc t ions  had to be made. 
shows five bas ic  a r r angemen t s  of e l ec t rodes  used in fuel cel l  cons t ruc t ions .  
two-e lec t rode  tube cell  (A)  i s  the l abora to ry  t e s t  ce l l  model,  s eve ra l  hundreds of 
which have been  built to investigate e lec t rode  per formance .  The o ther  cons t ruc t ions  
show remarkab le  improvemects  as c a r  be seen  f r o m  the table in F igure  4. 
c u r r e n t  f ac to r  given in this compar i son  r ep resen t s  the lower average  polarization 
achieved by a more  uniform potential  distribution in the ce l l .  
ohmic r e s i s t ance  var ia t ions i s  e l imina ted  by using the pulse cu r ren t  technique. ' 9  
This  method made our compar ison  insensi t ive to the d is tance  between the e lec t rodes .  

F igure  4 
The 

The 

The influence of 

The improvement factor  in respec t  to cu r ren t  output p e r  unit volume o r  
weight is  m o r e  spec tacular  than the mentioned polarization drop. Cell  D, f o r  
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instance,  i s  10 t imes  m o r e  efficient in volume utilization than type A. 
nal  res i s tance  i s  a major  fac tor  to be cons idered  in high c u r r e n t  c e l l s .  Cons t ruc-  
tion E is many t imes  be t te r  than type C a t  100 ma/cm2 c u r r e n t  densi t ies ,  but the 
difference i s  negligible a t  10  m a / c m 2 .  
engineering of fuel ce l l s  f o r  special  applications c a n  b e ,  independent of e lectrode 
per formance .  

The i n t e r -  

These  few e x a m p l e s  show how important  the 

5. P e r f o r m a n c e  C h a r a c t e r i s t i c s  

F i g u r e s  5 and 6 show the vol tage/cur . rent  c u r v e s  of hyd,rogen-oxygen 
carbon fuel c e l l s  under  different  conditions. 
inated by m e a n s  of the pulse c u r r e n t  ( in te r rupter )  technique. l 9  All curves  on the 
graph can  be compared  on an equal polar izat ion b a s i s .  
minal voltages in special  c e l l s  the following values  should be used:  

The ohmic  resistance is again e l i m -  

T o  calculate  actual  t e r -  

Electrolyte  res i s tance :  

Elec t rode  spacing:  

1.  0 to 2 ohm c m .  (depending on tempera ture  

0.  1 to 0. 3 cm. 
and concentrat ion)  

As an  example ,  the voltage d r o p  due to the ohmic r e s i s t a n c e  in ce l l  components is 
about 0.  02 volt a t  100 m a / c m Z f o r  a para l le l  plate b a t t e r y ,  the t e r m i n a l  voltage of 
the cel l  can then be de te rmined  by combining th i s  in te rna l  res i s tance  l o s s  with the 
appropriate  polar izat ion value f r o m  F i g u r e s  5 o r  6. 

6 .  Life ExDectancv 

!, 

i 

1: 

Low t e m p e r a t u r e ,  low p r e s s u r e  c e l l s  a r e  not subject  to e lectrode a t t a c k  
The only l i fe  l imit ing f a c t o r  i s  wettability of the carbon by electrolyte  o r  oxidation. 

eLectrcdes. 1 8  
potential a t  which the e lec t rode  c p e r a t e s  r a t h e r  than the c u r r e n t  densi ty  a t  which i t  
opera tes .  We have achieved two y e a r s '  in te rmi t ten t  s e r v i c e  on 10  m a / c m 2  and 
over  one year  continuous s e r v i c e  on 20  m a / c m z  a t  0 . 8  volt, with t e s t s  s t i l l  in prog-  
r e s s .  This  a t  a tmospher ic  p r e s s u r e ,  between r o o m  t e m p e r a t u r e  and 70°C.  In 
the meant ime b e t t e r  repel lencv t rea tments  and m o r e  act ive ca ta lys t s  have brought 
our  expectat ions up to 30 to 50 m a / c m z  o v e r  0 . 8  volt f o r  a t  l e a s t  the s a m e  t ime 
period. The use  of i n c r e a s e d  p r e s s u r e  gives  us the benefit of very  high c u r r e n t s  
a t  low t e m p e r a t u r e ,  a t  the p r i c e  of m o r e  need of auxi l ia ry  equipment. The o p e r -  
ation of completely "wet" c a r b c n  e lec t rodes  under  high p r e s s u r e s  might give u s  
the addit.ional advantage of reducing maintenance and  cont ro l  devices  very  consid-  
e rably. 

The tendency of the e lec t rode  to wet a p p e a r s  to depend on the 

7. Special  F u e l s  

Hydrogen is  an ideal  fuel .  One-eighth of one pound produces 1 kwhr 
in a fuel ce l l .  
weight approximate ly  that  of the hydrogen weight. 

In l iquid s ta te  hydrogen can be s t o r e d  for  months ,  with a container  

F o r  e v e r y  day purposes ,  hydr ides ,  decomposed  by  w a t e r ,  a r e  m o r e  
convenient choices .  One pound LiH i s  equivalent to 1 kwhr.  

A prac t ica l ,  widely used fue l  ce l l  mus t  o p e r a t e  on a i r ,  m u s t  be inexpen- 
s ive and should use  a readi ly  avai lable  fuel. 
densi t ies  on a i r  with only a s m a l l  potential difference to the pure  oxygen-hydrogen 
cel l .  The  use  of carbonaceous  fuels  (liquids o r  g a s e s )  a t  low t e m p e r a t u r e s  i s  one 
goal which we a r e  a t tempting to acccmpl ish .  

Our  c e l l s  o p e r a t e  with high c u r r e n t  

The need of removing carbonate  f r o m  

I 
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the alkaline electrolyte  compl ica tes  th i s  s y s t e m .  

Unfortunately, the p r e s e n t  oxygen-carbon electrode does not function in 
acid.  
which complicates  the sys tem.  

The use  of a redox-chemical  intermediate ( e . g . ,  b romine)  is n e c e s s a r y ,  

All halogens opera te  on carbon e lec t rodes  with high c u r r e n t  dens i t ies  in 

Despi te  the higher  voltages a'nd high c u r r e n t  
ac id  s y s t e m s .  
power outputs f o r  extended per iods .  
densi t ies  which can  be achieved in hydrogen chlor ine fuel ce l l s ,  the energy  output 
p e r  pound of combined fuel i s  less than that  of the hydrogen-oxygen ce l l  (because of 
the low equivalent weight of oxygen). 

As a resul t  hydrogen ch lor ine  fuel c e l l s  can  be  operated a t  high 

8. Outlook 

It may  safely be a s s u m e d  that  the  fuel  ce l l  will eventually become a 
m a j o r  power s o u r c e ,  replacing o t h e r  s y s t e m s  in s o m e  applications. 
opera ted  flashlight i s  s t i l l  a long way in the future .  F o r  the immediate  present ,  
fuel ce!l applications will probably be r e s t r i c t e d  to those in which the excel lency 
of fuel efficiency, s i lence,  f r e e d o m  f r o m  f u m e s ,  s implici ty  of design and operat ion 
are impor tan t  requi rements .  

The fuel  ce l l -  

1. 
2 .  
3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 
11.  
12.  
13.  

14.  
15. 
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18 .  
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Figure  3 
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Figure  5 

PERFORMANCE PARAMETERS 
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chemisorS the f u e l  cas spec ies  over the reac t ion  products so  as  t o  
l i r A t  self ooisonin?. 

?ydl.O :en 

The cb.eoisoT2tion of hydrogen, p a r t i c u l a r l y  on metal surfaces,  
has been stuciiea nore ex tens ive ly  than other  f u e l  gases. A t  n o m d  ten- 
zeratUres, ckernisorntion of t h e  t p e  recfiired f o r  high c a t a l y t i c  a c t i v i t y  
in7;olves a p s r t i a l l y  c o v d e n t  surface bond betxeea hydrogen atoms and t he  
- d e l ec t rons  of the  metal. Thus, the general  roauirement f o r  high 
ca t .a iy t ic  ac t iv i t j -  o f  a me2C i n  sixple gas reaczions of hydrogen is tnat 
i t  7ossesses d hand vacancies. Th;s  l i n i t s  t h s  ac t ive  metal c a t a l y s t s  t o  
the  t r a n s i t i o n  demen t s ,  al thouzh not  a l l  of t h e  t r a n s i t i o n  metals a r e  
ac t ive  cat&rsts even thocgh they chemisorb hjdrogen. Tie e a r l y  members 
of t!ie t r a n s i t i o n  s e r i e s ,  which have vacancies i n  both the  first and 
second sub-bands, charcisorb hyurogen s t rong ly  and are n o t  p a r t i c u l a r l y  

t r m s i t i o r ?  se r i e s ,  rh i ch  have vac2mcies on ly  in t h e  second sub-band, 

- 

,.o'3(: ca'-l-- L ~ , ~ s t s  i n  hydrogen reac t ions .  The l a t e r  ::!embers of t he  t h e e  

lowest hea ts  of chexisorption a t  t h e  sur face  coverazes 
heterossnsous reac t ions ,  and are  r e c o p i z e d  as hig:dy ac t ive  

o r  hyriogen reac t ions .  T h w ,  it xould a3pear t h a t  t h e  nos t  
ac=i-re. rnetzl ca t a lys t s  f o r  f i e 1  c e l l  s lecwode  reacLions where hydrogen 
95 th; fuel gas s?:o.llC: be seleczed from those t r m s i t i o n  metals with A- 
':mn6 vocanciss 0rii.y in tiie second ab-hnd- e.g. the  eroup VI11 metals. 

Conf ima t i r ?  f o r  t h e  vi_ei,rs s t a t a a  above i s  given by Ticyre 1 
+ e r e  t h s  open c i r c u i t  o o t e n t i s l s  f o r  t he  erdrogen ha l f - ce l l  a r e  p lo t t ed  
2s a fcnot ion  of t h e  anproximate nlmker of  &kana vacancies of the 5d 

e lec t rode .  These data :.rere obtzifiee v i t h  a low tenpera ture  f u e l  c e l l  
( 2702)  ~ . T L ~ : Q ~ E  an aq?:eoLis SOCSIJZ hydroxide e l e c t r o l y k  and 3oro1is 
:ra??.ite e lec t rodes  which ;;:ere impregnated erith t:n.e xetal ca t a lys t s .  
r e n e r d  t ne  c a s l y t i c  ac t iv i5 i e s  of t he  metals aopear t o  p a r a l l e l  their  
@?en c i r c c i t  x t e n t i a l s  e.g. a swill f r e e  enercj- l o s s  due t o  chevisorption 
z;en?rGlg i x s l i e s  a high c a t a l y E c  ac t iv i ty .  T s t en  and r h e n i m  both 

c.. a c n s i t i o n  metals w d  t h e i r  a l loys  when used as c a t a l : j s t s  a t  t h e  hycGogen 

- .  
In 

e ly  low 038: c i r c u i t  po ten t i a l s  and 

c u i t  half c e i l  rJotsntia1 of osxiur?. i s  in t e rned ia t e  be t  
5 an6 DlatinuT axd i r i d i m .  'The d loys o f  ? l a t i n u n - i r i a l m  

As t i e  vscancies i n  t h e  d Sand of ?latir.?m a r e  f i l l e d - b  t h e  s 

gh hea t s  of  chekso rp t ion .  
q u i t e  r,rob;'.lj rheniurn have v a c a x  ir. t h e  f i r s t  d su3-band. - 

annear t o  exhib i t  2 r,axirnv i n  ca td? f i i c  a c t i v i t y  at about one d band 
vaculcy. 
e lnc t rons  o f  g o l a  upon alloying, tYie f u e l  c e l l  p o t e n t i d  decreases sharp ly  
u n t i l  tte 6J5 Ax 
remain r e i a t i v e l y  constant.  

LO:; F t  a l l o y  a f t e r  which t h e  p o t e n t i a l  appears t o  

Tahle I l i s t s  the  open c i r c v i t ,  hydrogen h a l f - c e l l  po ten t i a l s  
f o r  the gm? VI11 t r a n s i t i o n  metals-and the neighboring IS metals. The 
saze trend in cat&:tic a c t i v i t y  i s  observed i n  t h e  th ree  t r a n s i t i o n  
s e r i e s ,  t h e  ?o ten t i a l  reaching 2 m a i m u n  between the  l a s t  t m  t r a n s i t i o n  
metals and f a l l i n g  sha rp ly  f o r  t h e  following I5 netal .  The i r r eve r s ib l e  
Cree energy l o s s  i n  chemisorption is  l a r g e r  f o r  t h e  .group VI11 metals o f  
t he  f i r s t  s e r i e s  (Fey Co, Ni) than f o r  t h e  metals 
se r i e s .  
?oisoning by impurity gases such as sulLfur comounds. 

t he  second and t h i r d  
Also, these  metals of t h e  first serLes a r e  more suscept ib le  t o  

?latinurn and 



Falladium are probably the  t e s t  c a t a l y s t s  f o r  hydrogen e lec t rodes  in 
fue l  gas c e l l s .  
a l l oys  of cer ta in  of %!lese metals t he  s l i g h t  increase  i n  po ten t i a l  over 
the pure metals m u l d  ?robably n o t  j u s t i f y  the  d i f f i c u l t i e s  of d l l o ~ i h g  
i n  commercial p rac t ice .  

Although, a nnaximm i n  a c t i v i t y  i s  obtained w5th 

Table I 

OPEN CIRXJIT f f L 9 3 C G d l  HiLF CELL ?CT3,.ITIffiS FO9 
GSCUP V I I I  ilVD Ib LXAL CA?.&YSTS 

Fe 
533 

Flu 
7ho 

os. 
603 

co  
703  

Rh 
703 

Ir 
733 

\ .  !I1 
693 

7h3 

753 

Pd 

P t  

cu 
323 

Ag 
2113 

iU 
263 

. The r e s u l t s  given i n  Table I f o r  l o w  temperature fuel c e l l s ,  
using aqueous h?ydrofiae e l ec t ro ly t e ,  i n  general  +re pa ra l l e l ed  by high 
temperature c e l l s  en9loying molten salt e l ec t ro ly t e s ,  although the  
f r ee  e n e r g y l o s s  on cher i soro t ion  of ten  decreases with increas ing  tem- 
pera ture  and consequently is  of less importance. 
palladium and p l a t i n m  c a t a l y s t s  give higher open c i r c u i t  po ten t i a l s  
with hydrogen as  a f u e l  gas t'nan does n i cke l ,  i ron ,  e t c .  i n  a v a r i e t y  
3f molten s a l t  e l ec t ro ly t e s .  A t  r e l a t i v e l y  high temperatures (Ca 500- 
800°C) t h e  nature of t he  hydrogen chemisorption changes f o r  sev-ral  of 
tna gmur, VIII xe ta l s .  
bonds with the metal. 
uoisoned by being heated LO a high temperature and then cooled i n  
hycirogen. 
h:idroaen on t h e  surface tibich i s  not  a c t i v e  i n  the  e lec t rode  reac t ion  
s ince  t h e  a c t i v i t y  of t h e  caca lys t  can be r e s to red  by heating a id  
cooling i n  helilm. 

For example, 

i;uite probably, hydrogen forms 2 2 2 hybrid 
Indeed, in  some cases t'ne c a t a l y s t  can be 

Presudol:r, t h i s  leaves a s t rongly  bonded form o f  chenisorbed 

Acetylene and Ethylene 

The c a t a l y t i c  a c t i v i t i e s  of the  pour)  VI11 and I b  metals i n  
the  oxida t ion  o f  ethylene and ace ty lene  i n  a fuel c e l l  anuear t o  be 
s imi l a r  t o  t h e i r  a c t i v i t i e s  wtth hydrogen, i .e.  a high ca t a iys t  a c t i v i t y  
i s  favored  S y  vacmxies  in t'ce d band of the metal. Sowever, these 
r eac t ion  systems are fusldzrentzIly nore comlex  than those of  t h e  
hy2rogen c e l l .  
by txo  f ac to r s  (i) the  r.ature of the cherisorbed complex, which is  i n  
doubt, since e i t h e r  carbon-carbon o r  carbon-hydrogen bonds mag be broken 
i n  chemisorption and (ii) t h e  amount of self-kpirogenation a t  t he  surface.  

The reac t ions  which occur a t  the anode are  complicated 

' 
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m, ine  r e x t i o n  sur - ies  may be a l i k e  in scme ins tances  s ince  the  f u e l  c e l l  
po ten t i a l s ,  for both ethylene and acetylene on c e r t a i n  ca t a lys t s ,  a r e  
very similar. 

The fue l  c e l l  emplojred f o r  s tud ie s  o f  acetylene and ethylene 
was s imi l a r  t o  the c e l l  used f o r  hydrogen except t h a t  t he  e lec t ro l j%e 
was a h2;; aqusous so lu t ion  of K CO . The r eac t ive  spec ies  i n  so lu t ion  
may be e i ther  t h e  carbonate ion: dca rbona te  ion,  o r  t he  hydroxyl ion. 
A l l  t h r e e  ions  are' present i n  the  so lu t ion  i? reasonable ,  concentrations.  
Pr-1-binary cmer inen t s ,  horr?vcr, a?pear t o  f a o r  t h e  bicarbonate ion. 
i n e  nroducts of the  reac t ion  at t h e  f v e l  e lec t rode  are i n  doubt, but 
f i r s t  aqalyses seened tc i nd ica t e  the  Dresence of  a l d e h y k s  and carbon 
i iox ide .  

n. 

The most ac t ive  ca t a lys t s  a x n g  the  metals s tud ied  a r e  the  
croup VI11 n e t a l s  o f  the first t r a m i t i o n  s e r i e s  along with p a l l a d i m  
,md i r id ium a s  i l l u s t r a t e d  i n  Tabla II. 

T 3 - k  11 

Cell Poten t i a l  ( n i l l i v o l t s )  
& t a l  Ztk>-lene Acetylene 

7'dG 790 
cc 675 715 
* ._  l i  i 605 595 
c,u h1O I475 

Ru L75 

-- 
< G  

535 
705 
OS5 

0 s 
Ir 
3 + 
.iU 
I "  

1125 
010 
380 
l?O 

570 
625 
570 
165 

?ne n3im7m i n  c a t a l y t i c  a c t i v i t y  a 3 ~ e a r s  at  a d i f f e r e n t  c l a c e  i n  each 
t r a n s i t i o n  se r i e s .  
activit ;r ,  u'e i n  g e m r a l  3001 caza lys t s  f o r  t hese  reac t ions .  

The :-rou? Is ne ta l s ,  al though possessing some 

The ca ia l j - t i c  a c t i v i t i e s  of these metals Li t h e  et%ilene and 
acetylene oxidation r eac t ions  a% the  anode a r e  qu i t e  s e n s i t i v e  to  the 
s t a t e  of t'ne c a t a l g s t  surface a s  was the case with h:virogen. T n i s  i s  
emec ia l ly  t r u e  fo r  t h e  group VI11 ana I b  metals of t he  2nd and 3rd 
t r a n s i t i o n  se r i e s .  I f ,  after Rduc t ion ,  these  metals are  exposed t o  
the  atnosphere only momentarily t h e i r  c a t a l y t i c  a c t i v i t y  i s  decreased 

I 
- 7  

k 
b 
E 
J 

P 
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considerably. This i s  i l l u s t r a t e d  in Figure 2 where the  lower curves 
r emesen t  c a t a l p t s  wi th  su r face  oxides. Although t h e  members of t he  
f i r s t  t r ans i t i on  s e r i e s  a re  suscep t ib l e  t o  oxjgen poisoning t h e  e f f e c t  
on c a t a l y t i c  a c t i v i t y  i s  much l e s s  accentuated. 

The m o s t  a c t ive  c a t a l y s t s  a r e  oroduced b y  ' i n  s i t u '  reductions 
where t h e  surface,  a f t e r  reduction,' i s  not emosed t o  the atmosnhere but 
remains constantly under hvcrogen ' u n t i l  t h e  electrode-electYolfle 
contac t  i s  made. 

As in the case  f o r  hydrogen, a low heat of chemisorgtion i n  
e i t h e r  ethylene o r  acetylene ?dl1 mirimize the  i r r eve r s ib l e  f r e e  energy 
loss a t  t h e  fuel e lec t rode  ana, hence, produce a higher po ten t i a l  i n  -che 
fuel  c e l l .  Tnere are two f a c t o r s  rqhich determine the heat of ciier5- 
so rp t ion  of eth;rlene and acetylene: 
atomic d i s tv l ces  i n  t h e  c a t a l j s t  l a t t i c e ,  anu ( i i )  an e l ec t r cn ic  fac tor .  
The most favorable in te ra tomic  d is tance ,  f o r  ethylene hydrogenation, 
according t o  3eeck (?), i s  3.75 8 a s  observed in catalyst a c t i v i t y  in 
ethylene hydrogenation reac t ions .  Our r e s u l t s  can ne i the r  support nor 
r e fu t e  t h i s ,  s ince  t h e  c r y s t a l  planes exposed a re  not  known and, thus,  
the  more ac t ive  spacings cv lnot  be predicted. 
f a c t o r  i s  t h e  e lec t ronic  cha rac t e r  o f  t he  ca t a lys t .  Our r e s u l t s  and t h e  
r e s u l t s  of o ther  i nves t iga to r s  support  t h i s  view (1O). Only t r ans i t i on  
metals or near tran.sit ion m e t a s  ca ta lyze  these  reac t ions .  Although 
sur face  reac-cions of  ace ty isne  have been inves t iga ted  only t o  a l imi t ed  
ex ten t ,  the  r e s u l t s  o f  t h i s  paper i nd ica t e  they fo l low a pa t t e rn  similar 
t o  t h a t  of ethylene. 

( i )  a geometric Eactor, i.e., i n t e r -  

Probably t h e  oiore important 

The s l igh t  a c t i v i t y  shown b y  the Ib metals i n  these  reac t ions  
can be a t t r i bu ted  t o  e i t h e r  t h e i r  m a l l  i-5 e lec t ron  pronotion energies 
(ll), which give rise t o  vacancies i n  the  _d band o r b  bonding by t he  
metals t o  these rr.olecules which can be  achieved by a rearrangement of 
the  n e t a l l i c  o r b i t a l  toget'ner with t h e  formation of a bond by overlap 
of t he  f i l l e d  - d-orb i ta l s  w i t h  Kke anntibonding o r b i t a l s  of  t h e  adsorba te( l2) .  

Carbon !ionoxice 

T:le sane tyoe of  f ue l  c e l l  was used f o r  s tud ie s  on carbon 
monodde as  with ethylene and ace ty lene ,  Xie e l e c t r o l y t e  being a 
aqueous K CO solution. 2 3  

The cazal;fiic a c t i v i t i e s  o f  the  t r a n s i t i o n  metals inves t iga ted  
in this c e l l  f o r  the ariodic oxida t ion  of carbon monoxide are  shown in 
Table 111. 
n e t a l  casa lys t s  a r e  small w i th  the  exceation of Palladium which appears 
t o  be t h e  m o s t  ac t ive  c a t a l y s t  f o r  $he reac t ion .  The a c t i v i t i e s  of t h e  
Ib metals are low as f o r  the fuel gases  previously mentioned. 
i nd ice t e  the  necess i ty  o f  vacancies i n  the  i band of the  metal ca t a lys t s  
f o r  a hi& ac t iv i ty .  

The va r i a t ion  i n  t h e  half  c e l l  po ten t i a l  &Tong t h e  t r a m i t i o n  

This would 

The chemisoqt ion  o f  carbon nonoxide may take  d a c e  by a number 
of d i f f e r e n t  mechanisms. 
i t  chemisorb  with a one s i t e  attachment forming a sur face  l a y e r  similar 

On c e r t a i n  metals, such as palladium and platinum, 
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i n  sti-iicture to t k  ?et21 carbonyls, i.e., i,. = C = 0 (13). 
.iode of clie;nisor?tion i s  a two 3 i t z  sorption :+%tb the carbon nonoxiae 
coxolaxes covering tm surface s i t e s  as ind ica te& i n  the  following 
diasrsns  ( l h ) .  

The second 

Two s i t e  chc i r i soe t ion  orobzhly k k e s  ? lace  on rhod im (13) i n  t n i s  
mnner. The t x o  t p e s  of two s i t e  mec'nmisns cannoi  be d i f f e ren t i a t ed  
s;rxe t h e  l a t t i c e  gsornatr j i  reQuireu ir. t h e  metals f o r  chznisorution 

q : i t e  na rmu  lirrits, othenri;se, t h e  vzlsnce an$es ~ a i ~ l d  be 
ive  . A i l i  o? tiie t i a n s i t i o n  n e  < A s  stucisr;  n r o b s j l j  emose 

c r y s t 2 1  alaiies 5.zitable f o r  b o t h  niecb2risir.s. 

Assin the  a c t i v i t i e s  of the  Ib x e t d s  nay be due to the  small  
en.r?ies r?+red f o r  d-s e lec t ron  pronot ion.  - -  

The genera l  reqGirzxents of a c a t a l y s t  a t  the o,vgen e l ec tmde  
of a fue l   as c e l l  a?? e s s e n t i a l l y  the sane as for t h a  f u e l  e lec t rode  
c a t a l y s t  e:iceot t h a t  negative ion  formation is  t h e  process under con- 
s idera t ion .  In  c e l l s  en?lojring aqueous hydro-ede electroly-kes, the 
oxyzcn m s t  be chemisorbed i n  such a menner a s  -GO l ead  t o  Ynne r an id  
forxa t ion  of ?erofLde and hy?,roxiae ions i n  the 3resence of water. A 
f u r t h e r  role of t'ne ca t a lys t  i n  %;his case i s  +a a i d  i x  t h e  deconposition 
of  t h e  peroxide. 

The most. ac t ive  ca-calysts, am0r.g those inves t iga ted ,  f o r  t h e  
e lec t rode  reac t ion  of the  oxygen ha l f - ca l l  i n  aqueous hydroxide 
e l ec t ro ly t a s  a r e  th -  oxides of the grou? 1'0 netds: 
an4 gold. 

copper, s i l v e r ,  
Copper and s i l v e r  oNdes  a r e  h o m  t o  be ac t ive  oxidation 

. . -. .- . .. . . . . . .. . . . . . . . . . . . 
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c a t a l y s t s  (e.g. they m s t  cheniisorb oxygen in 2 sca te  t h a t  w i l l  readily 
t ake  p a r t  in oxidation r eac t ions )  and t h e i r  ?resence ?resmabl:j  also 
Fromotes decomposition of peroxide ions forred under cur ren t  drain. 
Gold f i lms ,  however, have jeer! r e p o n e d  t o  be i-nert toward the cheipi- 
s o n t i o n  o f  oxygen u? t o  Cop_ (15). P o s s i j i y  0' ions =e f m e d  on the  
gold surface as an intermediate s t e p  i n  the  r e L C t i o n  or' o q e n .  Such 
a species,  i f  present i n  m.all amounts, migh t  n o t  be de tec ted  in cheiri- 
so rp t ion  eGerirnents s ince  it wodd be r e a d i i j  renoved from the  surface 
on outgassing. ?ne a c t i v i t i e s  of the ro metal o-ddes a r e  i n  t h e  order: 
couper s i l v e r  gold. 

Coba l t  and r i c k e l  oxides possess an acc iv i ty  only  slighz.1;- 
g rea t e r  than unactivated g r a ~ ~ h i t e  which nay ind ica t e  That these  m w l s  
are e s s e n t i a l l y  inac t ive ;  while i r o n  oxide has a reasonable ac t iv i ty .  
The open c i r c u i t  h a i f - c e l l  3 o t e n t i a l s  f o r  the ?d t r a n s i t i o n  oxides a d  
oxides of cobalt-nickel axd rickel-copper alloys a re  shorn Le 7 i w e  3 .  
As co?uer i s  added t o  n i c k e l ,  a slight increase  ia po-centlal stands a f t e r  
t he  60% copuer- LO$ nicke l  a i loy  (oxide) is reached a d  then a rap id  
increase  is observed a s  ?ure copper oxide is  approached. 4 si~ri lar 
behavior is found f o r  palladium-sil-rer a i l o y s  (oxides)  in the hd 
t r a n s i t i o n  ser ies .  

The a c t i v i t y  of oxides as c a t a l y s t s  a t  t h e  o v g e n  e leccmce 
rnay be var ied  considerably b;s the in t roduct ion  of 2 defec t  structk-e.  
It i s  n e l l ~ h o v r n  t h a t  heterogeneous r eac t ions  proceeding by negative 
i o n  formation c a  be profoundly a l t e r e d  by the defect s t a t e  o f  t h e  
c a t a l y s t  surface. 
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The Fundamentals of E l e c t r o d e  K i n e t i c s  a s  They Apply to Low 
Temperature Hydrogen Oxygen Fuel  Cells 

L.G. Aus t in  

Fuel  Technology Department 
The Pennsylvania S t a t e  U n i v e r s i t y  

Univers i ty  Park, Pennsylvania  

INTRODUCTION 

In a s h o r t  paper  such a s  t h i s  i t  is impossible  to  do more than  b r i e f l y  
s m a r i z e  and explain some of  t h e  cwkianental equat ions  of i r r e v e r s i b l e  e l e c t r o d e  
k i n e t i c s .  It i s  be l ieved ,  however, hat  f h e r e  is a need f o r  such a p r e s e n t a t i o n  
s i n c e  many of t h e  workers becoming i n t e r e s t e d  i n  t h e  f i e l d  of  f u e l  c e l l s  will 
not  be f a m i l i a r  w i t h  t h e  terms and concepts  involved.  The s u b j e c t  i s  treated 
with r e s p e c t  t o  t h e  w e l l  known (1) low temperature  hydrogen oxygen f u e l  c e l l  
employing porous conduct ing e l e c t r o d e s .  

DISCUSS I O N  

Basic Formulae 

The fo l lowing  thennodynamic formulae form t h e  b a s i s  of t h e  more 
s p e c i f i c  formulae der ived  later and a r e  presented  f o r  convenience. 
In  any process  

a A  + bi3 + . .  . m P + n Q + - . - - -  

t h e  change i n  f r e e  energy p e r  mole of r e a c t i o n  from l e f t  t o  r i g h t  i s  given by 

a, b, m, n a r e  t h e  number of molecules  involved,  (A), (B) ,  (P) ,  (Q) a r e  t h e  
a c t i v i t i e s  of t h e  r e a c t a n t s  and products  and Kp “is t h e  e q u i l i b r i u m  c o n s t a n t  of 
t h e  r e a c t i o n .  

For  some a r b i t r a r y  d e f i n i t i o n  of  a s t a n d a r d  state where t h e  a c t i v i t i e s  
a r e  u n i t y  
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where AGO i s  known a s  t h e  s tandard  state f r e e  energy change. 
going from one a c t i v i t y ,  al, t o  another ,  a2, I$, = 1, and 

For a substance 

% Q%= Q, e 
(3) 

The r a t e  of an  a c t i v a t e d  chemical r e a c t i o n  in one d i r e c t i o n  is given by 

4 

where vL is the  rate cf reac t ion ,  (A)1, (B), are t h e  a c t i v i t i e s  of r e a c t a n t  a t  
t h e  r e a c t i o n  condi t ion,  AG* is t h e  f r e e  energy of a c t i v a t i o n  a t  t h e  s tandard  
state used t o  def ine  t h e  a g t i v i t i e s  and k, is a c o n s t a n t  f o r  t h e  r e a c t i o n .  

The e l e c t r i c a l  p o t e n t i a l ,  E ,  involved f o r  a change of f r e e  energy AG 
i s  given by 

where F i s  the  Faraday and n is t h e  number of e l e c t r o n s  involved i n  t h e  r e a c t i o n .  
A c o n s i s t e n t  system of units must be used. 

Open C i r c u i t  P o t e n t i a l s  

Hydraul ic  Analogy 

A t  open c i r c u i t ,  when no c u r r e n t  is drawn from t h e  cell,  t h e  p o t e n t i a l  
ob ta ined  from t h e  c e l l  i s  equal  t o  t h e  corresponding f r e e  energy change i n  
t r m s p o r t i n g  r e a c t a n t  t o  product  under t h e s e  i d e a l  r e v e r s i b l e  condi t ions .  Figure 
1 shows a hydraul ic  analogy of a f u e l  c e l l  a t  open c i r c u i t .  
t o  measure the  F o t e n t i a l  of a s i n g l e  e l e c t r o d e  it is necessa ry  to have two 
e l e c t r o d e s ,  represented by the  two U-tubes of t h e  f i g u r e ,  The d i f f e r e n c e  i n  
l e v e l s  o f  t h e  l i q u i d  in each arm of a U-tube (h, say) r e p r e s e n t s  t h e  f r e e  energy 
change between t h e  r e a c t a n t  and t h e  product  f o r  a h a l f  c e l l .  For a f u e l  c e l l  in 
which r e a c t a n t  is suppl ied con t inuous ly  t o  each e l e c t r o d e  and product  r-ed 
cont inuously,  t h e  hydraul ic  analogy r e q u i r e s  i n f i n i t e  r e s e r v o i r s  at  t h e  l i q u i d  
l e v e l s ;  one of these  is shown a t  A for i l l u s t r a t i o n .  

Since i t  is impossible  

It is i q w s s i b l e  to measure t h e  voltage corresponding to h, b u t  i f  the  
r i g h t  hand U-tube i s  cons ide red  as a r e v e r s i b l e  s tandard  state hydrogen h a l f  
cell,  h, i s  a r b i t r a r i l y  taken as zero, and ap corresponds t o  t h e  h a l f  c e l l  
p o t e n t i a l  (with respec t  t o  t h e  s t a n d a r d  hydrogen h a l f  c e l l )  of the  l e f t  hand 
e l e c t r o d e .  
and  t h e  open c i r c u i t  p o t e n t i a l ,  E, ( i n f i n i t e  e x t e r n a l  r e s i s t a n c e  is comparable 
t o  t h e  va lve  being c losed)  is e q u i v a l e n t  t o  AG. It is c l e a r  from t h i s  p i c t u r e  
t h a t  t h e  p o t e n t i a l  change through t h e  e l e c t r o d e - e l e c t r o l y t e  s u r f a c e  i s  z e r a  a t  
zero c u r r e n t  d r a i n ;  t h e  p o t e n t i a l  drop, 4, exists a c r o s s  t h e  e x t e r n a l  
e l e c t r o d e  t o  e l e c t r o l y t e  connect ion.  In an e l e c t r o d e  process  at open c i r c u i t ,  
at t h e  i n s t a n t  o f  e l e c t r o d e  immersion ions pass  into solution a c r c s s  t h e  

With valve V c losed ,  t h a t  is ,  no f low through the  system, + s h , ,  

I 
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e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e .  The charge remaining on t h e  e l e c t r o d e  produces 
an a t t r a c t i v e  e l e c t r i c  f i e l d  holding back f u r t h e r  d i s s o l u t i o n ,  while  t h e  charge 
o f  oppos i te  s i g n  produced i n  t h e  e l e c t r o l y t e  a l s o  produces a n  e l e c t r i c  f i e l d  
opposing f u r t h e r  d i s s o l u t i o n .  
and p2 (pressure)  i n  t h e  analogy. 

Hydrogen h a l f  c e l l  wi th  ca ta lyzed  porous carbon e l e c t r o d e  and a l k a l i n e  e l e c t r o l y t e  

These f o r c e s  are e q u i v a l e n t  to  t h e  p1 ( suc t ion)  

The h a l f  c e l l  r e a c t i o n  can be represented  a s  

z H, + a c t i v e  s i te  - 21Hj  chemisorbed ( 6 )  

+ 04’ 3 Y,O + e  + a c t i v e  si te (7) 

A t  equi l ibr ium l e t  t h e  f r a C t i o n  of t h e  a c t i v e  si tes occupied- by chemisorbed 
hydrogen be Be. 
s o r p t i o n  e q u i l i b r i m  ef r e a c t f o n  ( 6 )  can-be represented  ( 2 )  by 

The f r a c t i o n  of unoccupied s i t e s  is t h e n  1-0, and t h e  chemi- 

where i and j a r e  rate c o n s t a n t s  and p is t h e  p r e s s u r e  of hydrogen. 
equat ions  (1) and (2); t h e  f r e e  energy change on chemisorp t ion  i s  

Thus, from 

For r e a c t i o n  (7), t h e  f r e e  energy change from t h e  chemisorbed s t a t e  t o  product ,  
bQ,-H20, i s  g iven  by 

s u b s t i t u t i n g  for el1-6 from (9) 

Now a t  e q u i l i b r i u m  i n  t h e  chemisorpt ion process ,  equa t ion  (1) shows t h a t  &G), 
i s  zero ;  f u r t h e r  @Go)c-H,o + (AGO), = (LGo)H,-~,O, t h e r e f o r e  

where (ac,), is t h e  o v e r a l l  s tandard  s t a t e  f r e e  energy  change from hydrogen 
2- 2 
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t o  product .  From equat ion  (5) 

Thus, a t  open c i r c u i t ,  the r e v e r s i b l e  p o t e n t i a l  E, should be independent of t h e  
chemisorpt ion s t e p  and hence independent  of t h e  s u r f a c e  or c a t a l y s t  used. 
and Rozel le  (3,4) have presented  evidence to  show t h a t  t h i s  i s  not  t r u e ,  and 
t h e y  a s c r i b e  the  loss of p o t e n t i a l  on open c i r c u i t  a s  being due t o  l o s s  of f r e e  
energy on chemisorption. This  immediately r a i s e s  t h e  q u e s t i o n  a s  t o  why, when 
hydrogen i s  allowed to s t a n d  i n  c o n t a c t  with t h e  c a t a l y s t  sur face ,  a normal 
a d s o r p t i o n  equi l ibr ium f i t t i n g  a Langmuir or'Tempkin isotherm i s  n o t  
reached? Equation (8) can  be expressed  a s  

Young 

where a i s  a cons tan t  a t  a given temperature .  This i n d i c a t e s  t h a t  t h e  s u r f a c e  
i s  s a t u r a t e d ,  and hence i r r e v e r s i b l e ,  on ly  a t  i n f i n i t e  $ e s s u r e .  A s i m i l a r  
r e s u l t  i s  obta ined  by t h e  use of the  Tempkin isotherm( The theory  of  t h e s e  
isotherms s t a t e s  tha t ,  p rovid ing  e i s  n o t  c o n t i n u a l l y  removed as some o t h e r  
product  of  reac t ion ,  t h e n  the  g a s  s u r f a c e  r e a c t i o n  i s  r e v e r s i b l e  and w i l l  r each  
a n  equi l ibr ium s t a t e .  The m o d i f i c a t i o n  of t h e  Freundl ich  adsorp t ion  isotherm 
suggested by Taylcr  and Halsey(6) g i v e s  6 a s  a e = (pop)% (14) 

where a,,, %,are c c n s t s n t s .  
r e p r e s e n t s  a s a t u r a t i o n  p r e s s u r e  ps, beyond which f u r t h e r  i n c r e a s e  i n  gas  
p r e s s u r e  (and hence gas f r e e  energy) produces no f u r t h e r  f r e e  energy i n c r e a s e  
in the  s u r f a c e ,  and t h e  s y s t e x  i s  i r r e v e r s i b l e .  The loss of  t h e o r e t i c a l  o?en 
c i r c u i t  v c l t a g e ,  assuming t h a t  t h e  Langmuir isotherm (equat ion  8) has  f a i r  
numerical  agreement with t h e  Freundl ich  isotherm up t o  t h e  s a t u r a t i o n  pressure(7)  
i s  a;Froximately 

C l e a r l y  when p = YQ., , .9 i s  1, and hence '/ao 

Rais ing  t h e  temperature  o f  t h e  c e l l  should  b r i n g  the c e l l  n e a r e r  t o  r e v e r s i b i l i t y  
s i n c e  ps i n c r e a s e s  with temperature .  D i f f e r e n t  c a t a l y s t  s u r f a c e s  may have 
d i f f e r e n t  va lues  f o r  ps.  

w i t h  h e a t s  of c h e m i ~ o r p t i o n ( ~ ) .  
ob ta ined  on r a i s i n g  t h e  p r e s s u r e  and consequent ly  have l i t t l e  s i g n i f i c a n c e  f o r  an 
e q u i l i b r i u m  process .  
der ived  by assuming that an e q u i l i b r i u m  s t a t e  e x i s t s  i n  which t h e  t r a n s f e r  of an 
i n f i n i t e s i m a l  q u a n t i t y  of gas  t o  the  s u r f a c e  involves  no f r e e  energy change. . 

Young has a t tempted  t o  c o r r e l a t e  t h e  l o s s  of opek c i r c u i t  p o t e n t i a l  
However, such h e a t s  a r e  f r e e  energy changes 

Indeed t h e s e  h e a t s  a r e  o f t e n  c a l c u l a t e d  using isotherms 

There a r e  o t h e r  p o s s i b l e  e x p l a n a t i o n s  for t h e  open c i r c u i t  vo l tage  
It may be t h a t  a pseudo e q u i l i b r i u m  is  reached i n  which s t r a y  c u r r e n t s  loss .  
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are s u f f i c i e n t l y  l a r g e  t o  d i s t u r b  t h e  equi l ibr ium on a poorly ca ta lyzed  sur face .  
Again the  a t ta inment  of equi l ibr ium may be slow, e s p e c i a l l y  i f  t h e  a c t i v a t i o n  
energy f o r  chemisorpt ion i s  high and ge tends t o  one. The ra te  of  chemisorpt ion 
i s  propor t iona l  t o  (-&*JET)). 

Under these  circumstances i t  would be expected t h a t  t h e  p o t e n t i a l  o f  
t h e  ha l f  c e l l  would i n c r e a s e  slowly w i t h  t i m e .  I n  genera l ,  i f  such i r r e v e r s i b i l i t y  
e x i s t s ,  i t  should be d i f f i c u l t  t o  o b t a i n  c o n s i s t e n t  r e s u l t s  f o r  open c i r c u i t  
p o t e n t i a l s .  

Loss of  P o t e n t i a l  During Current  Flow 

The pcla . r izat i .cn o r  loss cf p c t e n t i a l  d u r i n g  c u r r e n t  f low is obvious ly  
of  prime importance io t h e  des ign  of f u e l  c e l L s .  .To o b t a i n  good f u e l  e f f i c i e n c y  
the  c e l l  must be opera ted  a t  a maximum i n t e r n a l  v o l t a g e  l o s s  of about  20 t o  30% 
of the  cp2n c i r c u i t  v9 l tape .  '.f t h e  c u r r e n t  f lzwinq  p e r  sq. cm. of e l e c t r o d e  
.ire3 or F e r  ccund of  ce l l  i s  snqll, ther. t he  c e l l  w i l l  be bulky 2nd- uneconomic. 
I& rher~ret ic .3L a n a l y s i s  of ; a l ? r i z a t i o n  i s  an a t tempt  t o  show which f a c t o r s  musf 
be var ied  t o  cb tnzn  q t h m  c m d i t i o n s .  

Activ+i.ti.c..,n p o l a r i z a t i o n  a c r a s s  t h e  e l e c t r o d e - e l e c t r o l y t e  s u r f a c e  

Ccns ider  t h e  hydraul ic  analogy d i s c u s s e d . p r e v i o u s l y .  The t r a n s f e r  of 
i ons  a c r o s s  t h e  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e ,  be ing  a chemical r e a c t i o n ,  i s  
a c t i v a t e d ,  and t h e  p t r n t i t i . 1  energy curve  through t h e  sur face  a t  open c i r c u i t  
cxn be v i s u n l i 2 r d  a s  i a  Figure 2. The energy i s  composed of  t h e  o r i g i n a l  
chemical f r e e  energy and the  e l e c t r i c a l  f i e l d  e n e r g i e s  which counterba1anc.e t h e  
chemical energy t o  g i v e  z e r c  free energy change a c r o s s  the i n t e r f a c e .  S t a t e d  
mcre p r e c i s e l y ,  t h e  a c t i v i t i e s  o f  t h e  r e a c c a n t s  and products  a t  t h e  s u r f a c e  
chamga t o  b r i n g  the  r e a c t i c a  i n t o  dynamic equi l ibr ium.  This pmduces  a 
concent ra t ion  d e l e c t r o n s  i n  the e l e c t r z d e  s u r f a c e  and 3 c o n c e n t r a t i o n  of 
,2osi t iva ions  %t  t h e  ?lar?e of  c l o s e s t  .;F~:rOa.Ch i n  t h e  e l e c t r c l y t e ;  t h e  open 
c i r c u i t  p o t e n t i a l  is due t o  t h i s  double l l y e r .  Reducing t h e  e x t e r n a l  r e s i s t a n c e  
f m n  i n f i n i t y  i s  ccn;s.ra.t.le to . + r t i d ; y  opening va lve  V and a l lowing  flow. 
CIe&.rly a smni l l  f l aw w i l l  i.ncr.eis2 ;; sl ight1.y and reduce pB, nP w i l l  decrease ,  
m d  a p:?s6ure grc .dient  i s  set  u; a c r o s s  E. I n  t h e  e l e c t r i c a l  c3se this i s  
equivblen t  t o  reduL Lna t h e  ::er.jining e l e c r r i c  f i e l d s  and consequent ly  the  energy 
C U V E  on tF.e l e f t  i n  FiguL' 2 r i s e s  and t h a t  or! t h e  r i p h t  f .al ls ,  (See braken 
curves i n  f i g u r e  I). Tha ch.s.ngs in  f r e e  energy through t h e  s u r f a c e  on f low i s  
clexl!. not s v t i l a . b l e  fox  c,utsi.de ?otenci.;l and E, i s  reduced t o  E. The r e s t  
cf t h e  2 v e r a l l  f r e e  energy c ? . z g e  cf t he  r e a c t i o n  i s  c a r r i e d  through the  e x t e r n a l  
r . ic.cuit  E v  t h e  eIecrr.::ns invt-lvea 2nd the  r e x t i o n  c a n  prcceed o i l y  as f a s t  as 
!.ha e x r e r r a l  resist2.n.F.e r i l l  a l l o w  t h e  c u r r e n t  t o  €law, with Ohm's Law applying.  

L e t  t h e  change i.n f r e e  energy thmugh t h e  s u r f a c e  be d(AG) . .Then 

9~ 
c i r c u i t ,  i f  t h e r e  were nn c t l i e r  r e s i s t s n c e s  t o  flow present ,  then t h e  drop of 
f r e e  energy through t h e  s u r f a c e  wculd be t h e  t o t a l  f r e e  energy  change and 
=E, where AG i s  t h e  t o t s 1  f r e e  energy change of  t h e  r e a c t i o n .  

i s  c a l l e d  the  a c t i v a t i o n  p l l r i z s t i n n  a t  t he  given c u r r e n t  f lew.  A t  s h o r t  
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A t  open c i r c u i t  a dynamic e q u i l i b r i u m  e x i s t s  across  the i n t e r f a c e ,  

L.13t o k  Y,O + e + 
L e t  
be t h a t  of O H ’ ,  @ua)e be t h a t  of  water, and 
sites. Then from equat ion ( 4 )  

be the a c t i v i t y  of t h e  chemisorbed hydrogen a t  equi l ibr ium, (Qo& 

($)e be a c t i v i t y  of a c t i v e  

-4 * 
forward r e a c t i o n  rate Wle - - k,@,qH)e (pot& e. 
back r e a c t i o n  rate = WQ& (s& e 

The rate may be expressed a s  amps per  sq. cm. of  a c t i v e  a rea ,  and at  equ i l ib r ium 
-L)le=-Jx= I’ , Under non-equi l ibr ium condi t ions ,  from equat ion  (3)  

whereAG1is  t h e  f r e e  energy change from equ i l ib r ium a c t i v i t i e s  t o  those 
considered.  
f r e e  energy change of aG2. 
f r e e  energy through the  s u r f a c e  due t o  c u r r e n t  flow and 

A s i m i l a r  expres s ion  can be w r i t t e n  f o r  the  back r e a c t i o n  with a 
C l e a r l y  t h e  f r e e  energy changes represent  t h e  loss i n  

- q + a ~ =  -- d C ~ G )  = -nFTq 

L e t  e be the  f r a c t i o n  of a i d i n g  t h e  r e a c t i o n  from l e f t  t o  right. 

44, = -Fq, 

9 = k, (sy)pod e 
-$I 

The new r e a c t i o n  r a t e  from l e f t  t o  r i g h t  i s  

Then 

I I i s  t h e  e q u i l i b r i m  c u r r e n t  corresponding tu rate i n  e i t h e r  d i r e c t i o n  a t  
Simi la r ly ,  AG, =<I*)nFq, where 1 - 4  is t h e  f r a c t i o n  of  qQ equi l ibr ium.  

dec reas ing  t h e  r e a c t i o n  from r i g h t  to l e f t ,  and 

Thus t h e  n e t  c u r r e n t  flow from l e f t  t o  r i g h t  i s  
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I n  general,,  p a r t  of  t h e  p o l a r i z a t i o n  measured i n  equat ion  (19) e x i s t s  
through t h e  d i f f u s e  p a r t  of t h e  double l a y e r  (8) extending  from t h e  plane of 
c l o s e s t  approach i n t o  t h e  e l e c t r o l y t e .  The s t r u c t u r e  of  the  double l a y e r  can be 
changed by the  presence of  salts  i n  t h e  e l e c t r o l y t e ,  s p e c i f i c  adsorp t ion  on t h e  
e l e c t r o d e  s u r f a c e  and e l e c t r o l y t e  concent ra t ion .  Thus I’ i n  equat ion  (19) i s  
changed by these  f a c t o r s .  I ’  may be represented  a s  

(20) 

where 7) i s  t h e  p o t e n t i a l  drop i n  t h e  dcuble  l a y e r  aqd z i s  t h e  number of e l e c t r o n s  
involved i n  t r a n s f e r  through t h e  l a y e r .  (a i s  an e q u i l i b r i u m  c u r r e n t  which i s  
more n e a r l y  c h a r a c t e r i s t i c  o f  the  r e a c t i o n ,  while  t h e  term i n v o l v i n  
used t o  e x p l a i n  the  e f f e c t s  of m o d i f i c a t i o n  of the  double l a y e r  (lo?. For t h e  
type of  c e l l  cons idered  here  t h e  comros i t icn  of t h e  e l e c t r o l y t e  i s  u s u a l l y  
d i c t a t e d  by o t h e r  c o n s i d e r a t i o n s  and provid ing  s p e c i f i c  a d s o r p t i o n  i s  avoided 
the f a c t o r  involv ing  + i s  predetermined.  

@ can be 

In  e q u a t i c n  (19) ,  t h e  va lue  cf i ‘  was d e r i v e d  p e r  sq.  cm. of a c t i v e  
s i t e  a rea .  Normally, c u r r e n t  i s  expressed p e r  sq. cm. of geometric e l e c t r o d e  
a r e a  and 

where N, i s  t h e  number of  s i t e s  per  u n i t  e f f e c t i v e  a r e a  and A, i s  t h e  e f f e c t i v e  
a r e a  per  u n i t  geometric e l e c t r o d e  a r e a .  Then 

“Tp - p&.E!j~ L = kE\ISqeI’Ce= 

- - 

I i s  c a l l e d  t h e  exchange c u r r e n t  d e n s i t y  a s  i t  i s  t h e  e q u i l i b r i u m  forward and 
revexse c u r r e n t s  f lowing a t  o-,en c i r c u i t .  This  term i s  sometimes reserved  f o r  
rhe equi l ibI ium c u r r e n t  f o r  s tandard  s t a t e  c o n d i t i o n s ,  I,, but  i t  i s  easy  to 
c o v e r t  from one t o  t h P  o t h e r  knowing t h e  c e l l  c r e s s u r e s  and c o n c e n t r a t i o n s .  

As To, becomes l a r g e  i n  equat ion  (22)(and i f  CC does not  a l t e r  i n  
va lue)  then t h e  r e v e r s e  r e a c t i o n  becomes n e g l i g i b l e  and 

o r  

where 
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This i s  known as t h e  Tafe l  equat ion .  It a p p l i e s  when the  p o l a r i z a t i o n  is 
g r e a t e r  than  about  100 m i l l i v o l t s .  
i s  small as I is  l a r g e .  Neglect ing double l a y e r  e f f e c t  

For a requi red  c u r r e n t  t h e  p o l a r i z a t i o n  

To o b t a i n  l o w  p o l a r i z a t i o n  i t  is d e s t r a b l e  to have as much e f f e c t i v e  s u r f a c e  
p e r  u n i t  geometr ical  area as p o s s i b l e .  This  is accomplished by having a system 
o f  small pores  wi th  a high s u r f a c e  roughness i n  c o n t a c t  wi th  t h e  e l e c t r o l y t e .  
Thus when us ing  porous car5on e l e c t r o d e s  i t  is sometimes necessary  to "ac t iva te"  
t h e  carbon by r e a c t i o n  wi th  a i r  o r  steam. 
c l o s e d  and i n c r e a s e s  t h e  s u r f a c e  roughness. Again, s i n c e  t h e  r e a c t i o n  takes  
p l a c e  a t  an a r e a  of c o n t a c t  of  gas, s o l i d  and l i q u i d ,  s a t u r a t i o n  of  t h e  s u r f a c e  
w i t h  e l e c t r o l y t e  w i l l  g r e a t l y  i n c r e a s e  p o l a r i z a t i o n .  

This  burns open pores  which were 

The func t ton  of  t h e  c a t a l y s t  impregnated on the  s u r f a c e  i s  t o  decrease  
The s tandard  state f r e e  energy change t h e  a c t i v a t i o n  energy A% o f  t h e  reac t ion .  

d u r i n g  the r e a c t i o n  is i l l u s t r a t e d  i n  F igure  3. Consider ing t h e  chemisorpt ion 

The desorp t ion  s t e p  g ives  

where q i s  t h e  e x o t h e m i c  s tandard  state h e a t  of chemisorption'l ') . 
comparing c a t a l y s t s , t h e  c a t a l y s t  w i t h  t h e  smal le r  q should have a smaller &Gil 
and hence less a c t i v a t i o n  2 o l a r i z a t i o n  a t  a given c u r r e n t .  

When 

Increase  in temperature  i n c r e a s e s  I, b u t  i t  a l s o  reduces  the o t h e r  
term in equat ion  (22). 
i n c r e a s e  i n  temperature. 
Ns. 
s a t u r a t i o n  s t a t e  i s  reached when t h e  s u r f a c e  i s  comple te ly  covered wi th  t h e  optimum 
q u a n t i t y  of c a t a l y s t .  

No-lly the p o l a r i z a t i o n  i s  markedly decreased by 
The e f f e c t  of t h e  q u a n t i t y  of c a t a l y s t  i s  governed by 

A s  t h e  q u a n t i t y  i s  increased  from zero  t h e  p o l a r i z a t i o n  i s  decreased,  b u t  a 

Increas ing  the gas p r e s s u r e  on t h e  c e l l  i n c r e a s e s  t h e  e q u i l i b r i u m  
a c t i v i t i e s  and should thus  decrease  p o l a r i z a t i o n .  

A c t i v a t i o n  p o l a r i z a t i o n  of chemisorpt ion.  

Equat ion (22) w a s  d e r i v e d  s p e c i f i c a l l y  f o r  the r e a c t i o n  

H,O + e + a c t i v e  s i t e  
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However, i t  i s  p o s s i b l e  t h a t  t h e  preceding chemisorpt ion of hydrogen i s  slow 
during c u r r e n t  flow. I f  t h i s  i s  t r u e ,  t h e  e lec t rochemica l  r e a c t i o n  comes i n t o  
balance with t h e  chemisorpt ion and an a d d i t i o n a l  p o l a r i z a t i o n  i s  introduced,  due 
t o  f r e e  energy changes on  chemisorpt ion.  Consider ing t h e  r e a c t i o n  - f l2  + a c t i v e  s i t e  - 
the  a c t i v i t i e s  may b e  reDresented as D. 11-0)2 and e2. In a s i m i l a r  manner 

E 

where the  r a t e  cons tan t ,  va lue  of a c t i v a t i o n  energy and exchange c u r r e n t  are f o r  
the  chemisorpt ion process .  When t h e  c e l l  i s  supplying c u r r e n t ,  0 must decrease 
t o  a l low more chemisorpt ion.  i f  6 i s  n e a r  1, a small decrease  i n  6 produces 
much e x t r a  chemisorpt ion but  v i r t u a l l y  no change i n  t h e  back r e a c t i o n ;  t h e r e f o r e  
t h e  p o l a r i z a t i o n  completely a i d s  t h e  r e a c t i o n  from l e f t  t o  r i g h t  and Q =  I . 
Since Q = 2, t h e  s l o p e  b of  t h e  Tafel  l i n e  under these  circumstances is 

b = 2.303RT 3 0 . 0 3  v o l t s ,  a t  room temperature .  
2F 

I f  the chemisorpt ion i s  f a s t  compared to  t h e  e lec t rochemica l  s t e p  t h e  value of 63 
does not  change much and t h e  va lue  o f f q  i n  equat ion  (17) can  be cons idered  

0 . 1 2  v o l t s ( 1 2 ) .  
whether t h e  chemisorpt ion s t e p  or t h e  e lec t rochemica l  s t e p  i s  predominantly r a t e  
c o n t r o l l i n g .  For chemisorpt ion r a t e  c o n t r o l l i n g ,  t h e  f u n c t i o n  of t h e  c a t a l y s t  
i s  t o  lower t h e  a c t i v a t i o n  energy of  chemisorpt ion.  A c t i v a t i o n  and chemisorpt ion 
a c t i v a t i o n  p o l a r i z a t i o n  a r e  cons idered  i n  more d e t a i l  by Parsons(13) .  

c o n s t a n t ;  aC is  about  1 /2 ,  n i s  1 and' t 4 e s l o p e  of t h e  Tafe l  equat ion  i s  about  
Thus t h e  s l o p e  of t h e  Tafe l  equat ion  g i v e s  a means o f  determining 

A t  s u f f i c i e n t l y  l a r g e  c u r r e n t  flows, e t ends  t o  zero,  < tends t o  zero 
find rs tends t o  i n f i n i t y .  
rroceed f a s t e r  than chemisorpt ion on t o  an almost  bare  s u r f a c e .  Thus the  complete 
p o l a r i z a t i o n  versus  c u r r e n t  curve is a s  i l l u s t r a t e d  i n  F igure  4. I f  3 i s  n o t  n e a r  
1 a t  ocen c i r c u i t ,  t h e  curve  w i l l  s t a r t  a t  E, but  i t s  shape w i l l  be t h a t  of  t h e  
r i g h t  hand p o r t i o n  of  F igure  4 .  

'Chis expresses  t h e  f a c t  t h a t  the r e a c t i o n  cannot 

Concentrat ion P o l a r i z a t i o n  

Concentrat ion p o l a r i z a t i o n  i s  t h e  l o s s  of  p o t e n t i a l  dur ing  c u r r e n t  
flow due t o  mass t r a n s p o r t  l i m i t a t i o n s  i n  t h e  c e l l .  During c u r r e n t  flow r e a c t a n t  
has  to be t r a n s p o r t e d  to  t h e  r e a c t i o n  s i t e  and energy i s  thus  used i n  overcoming 
the r e s i s t a n c e  t o  f low which i s  always p r e s e n t .  

Gas t r a n s p o r t  p o l a r i z a t i o n  

Gas t r a n s p o r t  through a porous carbon e l e c t r o d e  i s  i l l u s t r a t e d  i n  
Figure 5 .  If t h e  r e v e r s i b l e  p o t e n t i a l  of t h e  c e l l  i s  f o r  a p r e s s u r e  of  pl, then 
a s  the r e a c t i o n  proceeds and p2 becomes less than  pl, t h e  c e l l  e.m.f. w i l l  f a l l .  
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I f  t h e  f a l l  i s  a t  a c u r r e n t  of i 7. 

Assuming the  carbon h a s  a n  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  D e f f ;  independent of 
p r e s s u r e  C1')and t h a t  the  e l e c t r o d e  is  i n  t h e  form of a s l a b  

Rate = D~~ CR-B) p e r  sq. cm. (27) 
AI-. 

aL is  t h e  thickness  of  t h e  e l e c t r o d e .  Equation (27) may b e  expressed as 

where B inc ludes  a conversion f a c t o r .  ' hen  

Since t h e  maximum value of  e-pz is p, BP, r e p r e s e n t s  a l i m i t i n g  c u r r e n t ,  
T, Say, and. 

When i i s  small compared t o q , l c  i s  l i n e a r l y  dependent on i, and a s  i approaches 
It, p o l a r i z a t i o n  becomes very g r e a t .  Thus i t  i s  d e s i r a b l e  f o r  Ie t o  b e  l a r g e .  
The th ickness  of the e l e c t r o d e  cannot  i n  p r a c t i c e  be reduced beyond a c e r t a i n  
l i m i t .  
th ickness  tends t o  g ive  e i t h e r  gas l eakage  from t h e  s u r f a c e  o r  f looding  of t h e  
pore system by t h e  e l e c t r o l y t e .  
h a s  a h igh  d i f f u s i o n  c o e f f i c i e n t ,  h igh  i n t e r n a l  area o r  roughness f a c t o r  and 
which i s  as homogenous i n  pore s t r u c t u r e  a s  poss ib le .  In opera t ion ,  s i n c e  p2 
h a s  t o  be maintained s u f f i c i e n t l y  h igh  t o  prevent  e l e c t r o l y t e  f looding,  p1 
would have t o  b e  r a i s e d  as c o n c e n t r a t i o n  p o l a r i z a t i o n  becomes apprec iab le .  

E l e c t r o l y t e  concent ra t ion  p o l a r i z a t i o n  

Due t o  t h e  inhomogencaus n a t u r e  of t h e  pore system, reducing the  

Thus it i s  d e s i r a b l e  t o  have an e l e c t r o d e  which 

In a sinilar manner t o  t h a t  above the  concent ra t ion  p o l a r i z a t i o n  due 
t o  mass t r a n s f e r  of i o n s  i s  ' 

'= In,& 
r c  n F  9 - L  

where t h e  l i m i t i n g  c u r r e n t  it i s  g iven  by 
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D; , Oi, k; are r e s p e c t i v e l y  t h e  d i f f u s i o n  c o e f f i c i e n t ,  bulk a c t i v i t y  
and t ranspor t  number of t he  ion  and & i s  the e f f e c t i v e  th ickness  of  t he  
d i f f u s i o n  l a y e r  a d j a c e n t  t o  t h e  e l e c t r o d e  sur face .  This  type of p o l a r i z a t i o n  
i s  well descr ibed  by K0rt-G and Bockris (15) .  

The e f f e c t  o f  concent ra t ion  p o l a r i z a t i o n  can be introduced i n t o  
equat ion (22)  by w r i t i n g  

- "c170 - -% -% 
where Tfi i s  t h e  o v e r a l l  p o l a r i z a t i o n  and 9, i s  t he  concent ra t ion  p o l a r i z a t i o n  

I"  

i n  the same d i r e c t i o n  as 

e. 

where c, i s  t h e  e f f e c t i v e  a c t i v i t y  and ctois t h e  o r i g i n a l  bulk a c t i v i t y  o f  the 
r e a c t a n t s . C ~ r z  IC-% t hus  i appears  on  both s i d e s  of equat ion  ( 3 ) .  
form of the equat ion  it s imilar  t o  t h a t  i n  Figure 4 .  
concent ra t ion  p o l a r i z a t i o n  i n  equat ion (22)  must be made f o r  a l l  of t h e  s t e p s  
i n  the r e a c t i o n  which g i v e  apprec iab le  c o n c e n t r a t i o n  p o l a r i z a t i o n .  

Ohmic Res is tance  

The general  
The i n t r o d u c t i o n  of 

I n  a d d i t i o n  t o  the  p o l a r i z a t i o n  a l r e a d y  descr ibed  an i n t e r n a l  loss 
of p o t e n t i a l ,  Tr, occurs  due t o  t h e  e l e c t r i c a l  r e s i s t a n c e  of  the e l e c t r o l y t e .  
3y Ohm's Law 

f i s  low fo r  high c o n c e n t r a t i o n  of i o n s  i n  t h e  e l e c t r o l y t e .  It i s  of i n t e r e s t  
t o  nate  t h a t  i f  p e n e t r a t i o n  of e l e c t r o l y t e  i n t o  the  pore system occurs ,  then t h e  
e f f e c t i v e  c o n d u c t i v i t y  f o r  i o n i c  conduct ion is (16) 

where i s  the p o r o s i t y  of the carbon and q i s  a t o r t u o s i t y  f a c t o r .  For porous 
carbon e l e c t r o d e s  E. i s  of t h e  o r d e r  of  1/3.q m a y  be very  h igh( l7)  bu t  i s  of ten(18)  
about 2 to  3 
r e s i s t a n c e  as about  1 cm of t he  f r e e  e l e c t r o l y t e  between the e l e c t r o d e s .  

The Oxygen A l k a l i  Half Cell 

Thus a p e n e t r a t i o n  of  1 nun w i l l  u s u a l l y  g ive  a s  high an e l e c t r i c a l  

I f  t h e  oxygen h a l f  c e l l  r e a c t i o n  were 

+-ox* LO] , 101 + ~ , o + ~ e <  2 o d  



then the  s tandard s t s t e  p o t e n t i a l  o f  an hydrogen oxygen fue l  c e l l  should be 
about 1 .23 v o l t s  ,at room temperature .  
t h e  h a l f  c e l l  r e a c t i o n  i s  

However, i t  has  been shown(14:20) t h a t  , 

Since t h e  normal c e l l  i s  not  s tandard  with r e s p e c t  t o  peroxide concent ra t ion  
the  open c i r c u i t  p o t e n t i a l  i s  u s u a l l y  not  1 .23  v o l t s .  It i s  e a s i l y  shown t h a t  
i f  t h e  peroxide ion is r a p i d l y  decomposed t o  i t s  equi l ibr ium va lue  with r e s p e c t  
t o  oxygen ( i n  t h e  e lec t rode)  and hydroxyl then the c e l l  vo l tage  would again be 
1.23 v o l t s .  
a t  room temperatures, t h e  decomposition is not  s u f f i c i e n t l y  r a p i d  €or t h i s  
equi l ibr ium to be reached near  t he  e l e c t r o d e  s u r f a c e  and a l o s s  of idea l  
p o t e n t i a l  occurs(21! 

Even i f  peroxide decomposing c a t a l y s t s  a r e  employed i t  appears  that, 

CONCLUSION 

In s tudying the p o l a r i z a t i o n  of t h e  type of  f u e l  c e l l s  considered 
here  i t  i s  important t o  determine the  c o n t r i b u t i o n  of each type of p o l a r i z a t i o n  
t o  each h a l f  c e l l .  I f  such de termina t ions  are made, they w i l l  i n d i c a t e  what 
can be done t o  improve the performance of t he  c e l l .  The var ious  techniques 
f o r  determining each p o l a r i z a t i o n  a r e  descr ibed  i n  t h e  l i t e r a t u r e ( l 2 , l ; : 2 2 ) .  
However, even i f  optimum c o n d i t i o n s  f o r  minimum p o l a r i z a t i o n  a r e  obtained,. 
t h e r e  a r e  s t i l l  many mechanical and technological  d i f f i c u l t i e s  t o  overcome 
i n  the  c o n s t r u c t i o n  of o p e r a t i n g  f u e l  cel ls .  

I 
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Not f o r  Publication 

Presented before the Division of Gas and Fuel Cneloistry 
h r i c a n  Chemical Society 

Atlantic City, Neu Jersey, Keeting, September 13-18, 1959 

THE HIM PBSSURE HYDROGEN/OXPG3N FUEL CELL 

F. T. Sacon, M.A., A.M.1.Mech.E. 

Carbridge, England 
klarsfidlls' Flying School, Ltd. . 

1. @traduction. 

T h e  hydrogedoxygen c e l l  is particularly attractive,  when compared with 
other types of fuel ce l l ,  f a r  a m b e r  of reasons; 
likely tha t  a p r a c t i c d  u n i t  could he developed v<ork&g a t  l o w  or  m e d i u n  
temperatures, and it raises the inte-esting possibil i ty that it could be used 
as a kin& of e lec t r ica l  storage ba t te r j ,  the two gcses having been prwiously 
generated by the electrolysis of water, using power produced on a large s c d e .  

it has d v r a j ' s  appeared 

tiorewer, when the author f i r s t  became interested in fuel ce l l s  in 1932, 
a search through the  av,elzble l i t e ra ture  soon showed that the most promising 
resu l t s  had i n  fac t  been obtained m t h  t s type of ce l l ,  
described by bir 4 . : i l l i a n  Grove i n  1839"y and in  1889, particularly good 

2 r e s u l t s  wcre recorded by the g re i t  chemist Ludwig Mond and his2associate 
Charles Lnngcr (ti) , they .xhicved a current density of 6A/ft. (6.5m A/cm ) 
rt 0.73 V., using either oxygen or air, and they also showed tha t  the best 
results .,<ere obtained when the platinized plathum electrodes were kept 
subs tmt ia l ly  dry on the gzs side. 
beccuse of the high cost of tnc platinum electrodes. 

The c e l l  v i a s  first 

Further progress was prevented largely 

Since the end of the second. \!orld Xm,. a gcezt deal of interest% 
wor!; has been done in msy  countries on the hytlrogen/oqgen ce l l ,  and this need 
not be referred to in de ta i l  hers. 
ride t o  the vorlr of i)?.vtpn(iii) 2nd Kordesch(iv) anJ his associates. 

2. %cs of Ccil  Investigzted. 

P x t i c u l m  reference, however, should be 

. In  1332 c simLl c d l  s i m i l z r  t o  Grove's o r i g i n d  gas battery :yas 
constructzd, ~n5 f':.ir resu l t s  obtained; but when activ?.ted nickel gauze 
electrodes vcre used, i n  conjunction n-Lth m d.kd.ine electrolyte of potassium 
hyhoxide, the results mLre poor, even i-rhen the temperature was rAsed t o  the 
boiling point of tho liquid. 

It vas next decided tha t  the problem would kzve t o  be attacked 
e s sen t id ly  from an engineering point of view, 2nd tha t  v d t h  t,Xs type of c e l l  
operation undcr pressure could not be avoidad i f  high current densit ies were 
t o  be o b t h e d ,  in conjunction with compcrrativuly che2.p mater ids  o f  
construction such as nickel, 
a. pressure of 3000 p.s.i. a d  m y  rersomble tempercture Gig.,). 

So i n  1939 c cell v ~ s  desi  ed which would starxi 



-. 
L ' m  E-lzctrolj-;e -;;as c. 275 scY-ai3r. of oot:ssium hydroxide .=a the 

cy l ind r i cd  eiectrcxies -:re oi' nickel ~ 2 2 x 2 ,  rct;ivct-d 5y .-Iternate oxiiantion 
in cir Zn?. reduction b- hy5mgen; they x r=  separzsei 5y a Ciic.$rzp of 
d w s t o s  cloth. Other m c t G s ,  sur! :  3 2lctinu2, _cdldxa, s i l v e r  aid c o p e r  
m-rc t r ied,  bdt xr? disc:Acd in fwo11r of pickel, p&ly  bemuse of cost md 
corrosion j i f f i ' xd t i a s ,  'cut w i d j j  becxse  of  t c e  suserior performme sh0-m *cy 
nickel Txder tnsse circmst-?nces. The c e l l  x s  tested by .G.-,ernatalj- chtrgirg 
i r ;  f rm a n  externcl source of direct  current md :?schugin.g it tk.-~& x 
xmeter 'and v u i z b l e  r e s i s t a c e  ct 1 cons tmt  cy ren t .  It was four5 finiLLy 
thct : F a r e n t  density of 12.2 A/f't?(lJ.lin A/cm ) or' the ex te rnd  surfcce of 
the imer o l e c t r d e  could be mLuntcined r'or 48 m b ~ t e s  rt ?bout 0.89 V., -?:ithe 
a tcqer-ture- of ~ a a " ~ ;  may t h i c h e s s e s  of g w e  a d  f&ly bi.& Sresswes 
wcre used t o  get *se results.  Curiously enough, no advmtage w2.s ob tb -ed  
by using fibher temper-.tures then IOOOC., ad thk  ..- ~ A S  tentrt ivelj .  s c r i b e d  t o  
the irreversible medic oxid-tion of the  oxygen electrode during the charging 
period. 

The next stage vryc?5 t o  constmct e80 cells,  one a c t a  as m electrolyser 
for gencrating the b o  gzses "nd the  other being the current-prodwing ce l l  
(5Iig.2). The gases produced in the  electrolyser vere cmried sepante ly  up  IO 
the c e l l  i n  solution i n  the electrolyte,  the l iqu id  returnjng t o  tho siectroljrscr 
t h o u &  sepxate  pipes. 
diaphrqns were r@n used, but this time -k .tic form of f la t  discs,  

with increasing temperatures 2nd pressures up t o  243°C. 2nd 1075 p . s . i . ,  t h s  
highest %ped. 
(81m d c m  ) a t  0.65 V. with six gauze electrodes on each sidc o f  t h a  cell. 
The current density epppeaed t o  be ljmited by thc rate a t  which fresh g2s 
could be brought up to  each e l e c t r d e  in solution i n  the electrolyte. The 
rn- te r ids  a d  methods of construction used proved t o  be recsonculy sdisr 'zctorj .  

3. 

Activ-ted nickel gauze doctro&s and cs'sestos 

It -{;-S found tht the performcmces'of & i s  ce l l  i q r m e d  cCnti2T2OUSly 

The highest cbrent density o b t d e d  a t  W o C .  WWCS 75df t .  

The Present Cell vrith diffusion Llectrodes. 

A t  this stage it  v;as sti l l  considi-rid t b t  the perfomance 'ns not good 
enough f o r  any przctical cpplicntion, bocsing i n  rind that  hi& pressms 
inevitably l e d  t o  'higber contr.iner weights than would ba necessmy- ,:nth 2 
fuel c e l l  workins, at atmospheric pmssure. So it -3s decided tkt a nm 
mparatus should be b u i l t  .with the g-ses confixed t o  the  b&ch  of pomu nickel 
e iec t rdes ;  this design has been used vrith very l i t t l e  c h g e  ever Sb-Ce. 

Thc de ta i l s  o f  the construction of the c e l l  k v e  often basn described 
bofore (v), but it i s  probzbly bes t  to recapitulate them brief ly  here. 

A single c e l l  is  i l l u s t r a t ed  diagmmmaticd.ly i n  Fig.). The e l e c t r d e s  
me mde of porous sintered nickel, md the main c e l l  parts z e  of nickel-$&t.tad 
s toe l  or pure nickel; 
be,ixrcen 37 and 5C$ concentration. 
ad. 300-600 p.s.i.. 
being used. 
thick, hzve a pore size of ?.bout 30 microns or inore, on the gas side, xitin a Wa- 
k y e r  of much smllcr pores on the l i p i d  side; 

the electrolyte is strong potzssiiiil :v&o*dc solutign, 
The n o r c d  c p e r z t i q  corditions =e 200 c. 

Lt the present time a p res sxe  of I.@ p.s.i. i s  nomdlsr 
The porous nickel dectrodes,  which we r3out one sixtGsnL5 Or' a i l  

c m a  pressL-e differexce is 
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The coxse  pore layers of oqrgen clcctrodes m e  now usujily made f r m  
G r d e  D c x b m y l  nickel powder (;ver?ge par t ic le  sizc 7-9 microns) mixed with 
l5-2@ of 100-240 mesh xm.onip bicmbonr.tc; 
for  3 t o  I hour c.t 1000°-1150 C. in 2 reducing atmosphere. 
is cgpin of Grcde b nickel, sinterad l o r  3 t o  1 hour L t  950-10OO0C. 
ztivel;r, the co:rsc pore 1s.yers of tne oxygen electrodes m-.y be mde from n 
cowse nickel pmdcr, &out 2oO-25G mesh, without c spming zgent; 
case :. iL&eer coqressing pressure n3 .c  higher sintering temperzt.ture (1150°C. 
2 2  c -) 

it i s  Fressed l igh t ly  :ad sintered 
The f ine  pore kyer 

Lltcrn- 

but in this 

require& t o  get a r e d l y  strong conpot.  

F d l y  tht: oxygen olectrodcs pi-a pre-oxiciised ?.f'tcr i?;prc@ation w i t n  
a i r  is used f o r  oxidation, a di lu te  solution of lithium b-&-ode  and drying; 

md a satisfcctory thickness of oxick i s  fomled in$ t o  1 hour at 70O0-8OO0C. 

Hydrogen electrodes r r e  x t i v c t e d  k y  impregnation with n 8trong solution 
of nickel n i t r s te ,  fo l l am3  by r? r o z t i n g  tre?.tment in c?.ir ilt L@O C. xd f i m l l y  
reduction in hydrogen at about the  sme tenrpcr,?ture. Xork is  promeding on the 
zctivztion of owgen elcctrodes, but c. s t m d s d  trcataent hz.s not yet been 
=rived at. 

Typic21 microsections of hydrogen znd om-igen electrodes ?xc &mm in 
Figs, 4 and 5. 

5.  Prevention of Corrosion of 0wE;en'ElectroCcs. 

When porous nick61 electrodes wcrc f i r s t  put i n t o  usL, scrious trouble 
prose with the grp.dw1 corrosion or" oxyygun dcctrodes,  l e d i n s  Cirst to  c drop 
in output cnd finilly t o  c m p k t c  brcddovm. 
ovcrcome by the  pro-oxidntion trcctr.!ent c l roady  describgd. 
t hc t  sxqles  of nickel pro-o:&&isei. i n  d r  rt about 800 C. were extremely 
res i s tcn t  t o  corrosicnw-hcn subnequcntly exposed t o  strong KOH soluticn 2nd oxygm 
under s i , d z  conditions to  thoss i n  the cel l .  
proauced during pre-ox3p.tion i s  m e l e c t r i c d  in suk to r ,  so  a electrode protect& 
in this w:ry would be useless in t h e  ce l l .  
l i t h i u m  atoms are incoqorated i n t o  tine c q s t d  ln t t i ca  of  the nickel oxide, 
a b1::ck aoublc cxiiac of nickcl <ax?. lithium is pmduccd, vrhieh i s  a good semi- 
conductor(6j; ?-xi the corrosion resishnco i s  unimpsircd, o r  even cnhmced. 
Using this technique, oxygen t i l  ctroiics have been in operation i n  the  c e l l  for  
p r i o d s  u? to 1500 hours r.t 200 C. vLthout f d u r e ,  md cv4.th only n very sai-ll 
drop in prforrrancz. 2pecimens of prs-oxidiscd nickcl hme been exposed to  
oxyyeen under pressure md pot-ssim hydroxide solution at 20OoC. f o r  i.iore thsn 
10,000 hours vcthout v i s ib le  deteriorction; 
at a highcr temper:.ture have shmm th.t ccnsidcrEblo bprovcnent on this f i , m  
should bo possiblc. 
trc?.trr.cnt h d  been introdmcd, exppurimnts were m-ik with vcxious corrosion 
inh ib i tors  which '-1a-e dissolved i n  the clcctrolytc; potassium s i l i c r t e  a d  
potnss im rJm.b,.tc w,.rc p u t i c u l z r l y  successful in wres t ing  corrosion of 
oxygen o la t rodes ,  but tiicy d s o  reduced thc perfomnce of  the c e l l  t o  c 

This trouble has now beci? lwge ly  
It ~NSS f i r s t  found 

B u t  thc gruen oxide lqvr 

Iioviever, it ms ,-sccrtzined that i f  

s 

2nd mcelercted corrosion t e s t s  

It should be nentioned here th?.t before thc pre-ofidcction 

extat .  It i s  believe& t h - t  t h i s  provides the explaytion f o r  the 
fnct tha t  no corrosion of oxygen electro&S was observed &en US- 

the Previous ce l l s  With nickel gauze electrodes; 
h d  d i n p h r ~ ~  of ,asbestos cloth,  and it i s  t o  bc oqected that the electroly.te 

& b a t e -  
the '0' in the form of copper oxide, v a s  d s o  effective as c c o ~ o s i o n  

these ea r l i e r  c e l l s  611 

w o d d  therefore become somavhct cont,?-cted i.llith potassium sgiccte or 
It i s  interesting s l s o  that a s m d l  mount of capper, a a e d  t o  

yld in Ldl CLSes led  t o  the f o m t i c n  of a b l x k  o e d e  on the nickel, 
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The results of some accelerated corrosion t e s t s  on smples Of nickel 
pre-oxidised in the.p-.e of l i th iun  h y d r o ~ d e ,  and exposed t o  65% KJH and 
oxygen a t  jOO°C. and 800 p.s..i. totdl;presswe, cTe shovm pcghica l ly  in Fig.6. 
The samples were plrced in oAdized rCidsel crucibles, which were se t  up in 
autoclaves; 
The gas space wos f i l l e d  with oxygen undcr pressure, and recdings of tempera-. 
2nd pressure were recorded pcriodicdly.  
intervals axi the s o q h e s  washed in  d i s t i l l ed  water, dried 
extent of corrosion fas indicated by the weight change. 
w m  uscd in each nui. . These curyes. emphmize the importqce,of a su f f i c i en th  
thick oxide layer, in oliler to obtrin r e d l y  good durz.bility. It i s  estimated 
that 
nickel with 2 g. of l i t h i u m  hydroxide per squcrc mtrc of surfxe and O l d d i s M  
in air at 800°C. for 16 minutes. 

. 

the s a q l e s  were h d f  in crd W out of t he  KOH solution. 

The autoclavcs were opened at 
w e i @ d ;  the 

Fresh KOH ,solution 

oxide lcycr  about 3 microns thick can be o b t h e d  by coat- the 

In-  Fig. 7 som results of t e s t s  at 200°C, 26OoC. and 30OoC. haw been 
S o t t e d  togethcr. Thwe s q l e s  m e  not exactly conipcr&le due t o  differences 
in:the i n i t i a l  thickness of the oxide cocting a.nd i n  the conditions d e r  which 
tkie.comosion t e s t s  were c u r i e d  cut. 
einilar_.smples corrode at 2@J°C. much mort? slowly than at  260OC.. 
-her .coniider blo incro-we in L- rosion rake  is produced i f  the temperature 
is;rcised to 300'c2.1 . By pre -ox id i sw  tp smples t o  produce a i n c r e 9 e  in 
wcighkof 5$metre -tea3 of 2-3@;/metre ' thc rate of corrosion o t  300 C w c s  
r e d ~ d - . c o n s i d c r c ~ l y . , ~  shown in-Fig.6. . It seem r e a s h b l e  t o  suppose tht 
i f ' t h c  spplcs ,oxidized, vrith l i t h i u m  present, t o  give 
5dmctz-e were tested at ~OO'C., t h y  would give c. l i f e  n q y  times longer t h  
thosc d r e d y  tested at this. tenperdare  (Fig.7). 
icrpossiblc t o  ~ o d u c e  sucg 2 thick oxidc lc.yer on the oqygcn electrode, a 
thinner l r j c r  of 2g/mctre 
a t  200OC. 

It is possible t o  sty, h m v e r ,  that 
a s 0  a 

increase in weight of 

Even i f  it were t o  prove 

w i l l  protcct e a  electrode f o r  more than 10,000 hours 

6 .  Jointing ?,faterid. 

There must be- at l eas t  one clcctric.?lly insulating gasket per c d 1 ,  
~ at the prcscnt time, using unipolcr eicctrodcs, four gaskets must be used per 
cell.. 

b f q  different mci;Lricls have beer. tricd, but at the present tims 
nothing b been found which i s  supcrior in Ldl rcspccts t o  ordimmj compressed . 
csbestos f ibre  jointing, h i c h  i s  mainly composed of abes tos  fibre and rubber 
(gcncrd ly  neoprene). 
bi- thct the  rubber contont i s  g x d u d l y  oxidaised vhcre cxposcd t o  the high 
prcssure.oxygcn; 
ctnosphcre. 
f c i l u r e ,  a d  runs pm. t ly  exccding this should be possiblc with e s q e r i o r  
&sign. 
dccoqoscs on heating, poison the hydrogon clectrcdc md tend. t o  reduce the 
output of t he  cell .  

T h i s  h=.s a m b c r  of diisdvcntages, the principal one 

t h i s  f i n d l y  lc:=ds t o  loss of strcngth ad l c n k q c  to 
Iicnvcvor, - as 10% as 800 hours have been achiovcd without 

One other f+lt is tha t  substcnccs givcn off whLn thc rubber 

Thc most z t t rac t ive  d t c r n a t i v c  t o  CiiF jointing mniLd q p e  ar., tab; 
p.t.f.e. loddcd with asbestos f ibre ,  or possibly loaded w i t h  pmrdcre&.-, 
but thcsc mtcriLLs arc only now in  process of dcvclopncnt in.Engh&; a x i t  
the metal surfaccs would certcirily have t o  bo spcci,?lly mughcned;: to:pxv& 
slip.  
pressure cylinder or tank, in which the wholc c c l l  peek is contFinedlm&r 
pressure, but t i s  line of dcvelopment is not boing pursued a t , p s c n t - i n -  
Englcnd, owing t o  the extra complic?.tion involvcd. 

End pressure on  the gaskets could no doubt be r educed .~ -~ thc .use  of- a 
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7. Cell Perfororxce. 

Thcse figures &e t d e n  f r m  one c e l l  in n IC-cell bzttery, rJld using 
both t h s e  f x t o r s  contribute t o  tiis mtincr l c  opm- 3% KOH cs electrolyte; 

c i rcu i t  foltage 0bt:ined. 
L@ A/ft ( 0  

Lncler thc &we cond;tions OP 0.68 V. ad 
~ L + & L ) ,  thc pomr output por u n i t  of mternd. v o l m  corresponds 

to 8.2 ~ f 2 .  
The currcnt zfficiency h m  bcen mpswed ovcr c period of somi- :hun&eds 

of h o u r s  in c 5 in dixeter uni t  with t~.vo ce l l s  i n  scriss,  md works 3:: E t  

9%. 
r e x t i o n ,  ~iil l  p 

g& x 100 -. 75%; ' 2.t 0.m. it v i l i  b G  66$, ,cn&ct 0 . 6 ~ .  i t  t r i l l  be 513%. 
1.20 

This mc,?w t h z t  t h e  energy efficiency, brsed on the free energy of the 
- t e  2.t my use?& current density t o  the volt:,- efficiency; 

e.g. a t  0.y md "? 200 roT C J$. 600 p . s . i .  thc encrgr clr 'icicnc- v r i l l  be  

When the ce l l  is on l o d ,  ths losaos which 2.ppea- in the form of >IC*,- 
m e  n-y h s  t o  thc i r revers ib i l i ty  of thc electrode reactions, o r  &t rtq 
be c u e d  x t ivc t ion  polcrizction; 2 d l c r  proportion of the loszes =e aU;-,. 
t o  resistrnce ,.;ld concentrction polmizz.tion. On open c i rcu i t ,  a6 zt l m  
c>men t  densitics, th i re  v & l l  in d d i t i o n  bc 2. ' l o s t  current' due t o  diffusiaq 
of thc tiro gzsscs in solution thi-wg!! the elcctrolytc,  f o l l m d  by conbinatiw 
on the opposite electrode. 

11 grzph 3hmdg thc're1at;ivc pro;>ortion; of po le iza t ior ,  6ue t o  e?& 
electrode and to thc clcctrolyte i s  shown i n  :55.9. 
used, so  the hpkogcn electrode w s  sm-+:.t "poisoncd" . 
mtiv,?tion of tho hydrogen e l e c t r o b  ccn err.ily r e h c e  po la i zc t ion  from this 
source to  a negligible =mount, vrhilc clcctrolyte res i s tmce  cnd oxygen 
c l e c t r d e  pola-iz.ztion '=e less cilsily iLp-ovcd, then a cuL-Je sh ' 

acsily obtpined p e r f o m y e  to b e  e- ected from CI c e l l  c a  b e 2 r i r y s a e  3ig09). 
T h i s  shows th2.t 223iJft. (240 d J c n T  at  0.8 V. and 650 i i f t .  (7CO 
0.6V c m  rczson=bly be e :pc ted  a t  200°C. 2nd 620 p.s.i.. 

0 % ~  GiF jointing 7- 
:.swxi.ng th-k 

tns best 

) ct 
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i._l -xpcrLr.~w~td n-thcd kas been improvod by the mcasurcment of purely 
:-c;istivc polzriz?.tion ir. the 2011 c i rcu i t  using c commutetor technique in  
cor.>mction ~i$?. c1 c?.tho&o r7.y oscilloscope, so that ind iv idud  electrode 
p e r i ' o ; ~ z ~ c e  czn be studled prmiszly. Z l i s  i s  pmticulcrly irportant 'in the 
case o: t k s  h-ycirogen o l ~ c t r o i ~ e ,  .;,+:re both rcsist,-nce m?. x t i v c t i o n  
polarizcs5or. h ~ v e  thu sxxc l ineps depenftencc en the current p s s i n g .  Thc use 
0;' p. rc::r.-r,ze elcctro&e, ir, tnc  f o m  of a swu resting ( L o .  I J n b C & d C d )  

A~+;ZCP, d 2 ~ t ; r d . i '  cil' -,omcs ~ic:col, situntcd i n  the e l x t r o l y t e  spnce, &out 
.--A,..~ , . ~  , 3 b.;t-,iicn tb.2 m-in hy&o;;cn m6  oxygen electrodes, hns mde it possiblc 
t o  st&: Ycc aolcriz:.tiori i n  each ol--ltctro& sepmr.tely; 2. rsfcrence electrode 
of $>;is kii is  used Tzii-1; regiL:zly i n  c e l l  ogorction, cven vchcn the 
co,Xutz.tor fcclmii:ul: i s  not being er~loycd. 
Fgl:.riz?,tioP. of t& hy:rogn clcctrodi; 2.t 200'~. , -?film plotted cgpinst currvnt 
li.r.aiC;, pi-;os :.?pi,g.xi.rJ.:.tcGF c s t r c i ~ t  l ine;  
'csh~.;-iovc bcconcs loZ-'-Pithic (sc'e 7ig.10). I n  the  CPSC of the oqgen e l e c t r d e ,  
ka-:;cvLr, the  bchcviour is  logcritimic evcn ug to  tho highest tcnpercture yet t r ied  
til2 s h ~ ~ p c  of thc curve xhich it gives ct 200 C ,  c m  be sccn in  Fig.9. 
diffcrer.ce in the shc.zx of thc polt?riartion curvcs shown by hydrogen and oxygen 
ol;.ctrodcs 2.t 200'C. c:n be explclined by t n u  f ac t  thc.t the cxchmge current is  
xzdi less i n  tlic l:.ttcr ccscl, or i n  other words the oxygen electrode is much 
lsss reversible thcn the hyhogen one; i n  d d i t i o n  t o  this,  the s u r f x e  w e n  
of tho oxygen clcctrode i s  much less  t h m  thzt of thc hydrogen one. But evcn 
a i  oQ-scn clsctro& of l a rge  surface, r.xde from G r d c  S nickel, w i l l  pola-ize 
norc t h m  a !iydrogcn one n?dc fro:!! the sme po-dc-r ?nd hx ing  the s m c  surface 
?E?.. To inprove the pCrfOITIcnCC of owgcn clectroi.cs, c very large increcse 
i n  surfax ?re?. w i l l  be required; this c m  prob,?.bly best be obtpined by somz 
f o r n  of 2ctivc.tion. 

. _  

This hcs shoivn thc t  the 

r.t lower tcrmcrrtures, the 

The 

Since cluctrodss h x e  been mcdc 7t;Ltiz a bxking plzte, it has been 
possible to  tsst hydrogen 2nd oxygen elcctroc'.os 2 s  thin cs 1/32 in. 
porfommce of those t:lin elcctro3cs i s  with-h 2 6  of tk.t of the previous 
olectrodcs whiui rrzre -2' - 5/32" thick. 
thick, thcrc Goes not ."-ppew t o  be cny s -c r i f ice  i n  perforiLpnce. 
other bqdro&en ?.nd oqgcn clectroilcs of v x y i n g  structurcs hcxe bcen tested, 
but so ~ L T  none hcs shom 2. s t r ik ing  i q r o v c x n t  i n  perfommcc when comp-wed 
x i th  t i c  s t m 3 a d  typcs. 

Thc 

If the elcctrodcs CLCC m d e  1/16 in& 
ii number of 

5. The Effoct of Cell Conditions on Pcrformnce. 

(8.1). Prcnsurc. 

Xid  JICL'ct o r  te~p.;,2rctwe 2nd p e s s u r e  on the  reversible voltage of the 
h;&oscn/oqgen ce l l  c m  be seen in  Fig.11. kIexuremcnts of elmtrcde m d  ce l l  
'.. =irirorrwicc =_--. It vxying pressures of g7.s ( the  electrolyte vcyour pressure hcving 

12) shmr th?.t s m d l  wr in t ions  in pressure hwe only c 
si.2.i c f f x t .  
c.t.cci&xes ( & I  t o  il p.s.i.) q r o x i m t c l y  hC.lvcs the  c e l l  perfomnce et 

n rcn t l j .  shows that  for P. given power output, ?n<t ?.ssw.~ry t1i.t the gcses Lve 
both stored in high tensile s ta1 cylinilars ?.t 3,000 p.s.i., the o v c r d l  weight 
of tilo b-ttcry mrl stor?.gc: cylinders vsould not be increnscd i f  the opercting 
r r e s s u r c  wre rcdmed fro= $00 t o  300 p.s.i.; 
rr2$.1xed, bircvcr; 
cylinders vhcn the  b.r.l;tcrj Is discbzged, 2nd c l s o  for thc reduction in &i&bt 
of the bcttcry i t s d f .  

i: tenfold chznge i n  g2.s prossure from 30 3;tnospheres t o  3 

,-9?T-c _ _  - . . k ~  oper2.tir.g vo1tcgc.s (sic Fig. 13). ii t h e o r e t i c d  mnclysis done f,?irly 

tho efficicncy ivould be s l igh t ly  
t h i s  cdlcul?.tion cllms f o r  the " d c d '  fuel l c f t  in ? c h  
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(8.2). Timprnture.. 

The m&.nm cell .  ts.mpgzturc is  l in i ted  by thb n@erLcs 'used in i t ' g  
. construction. 

m&rce l l  conciitions, where i n  contact with porous nickel; 
l i t h i u m  oxidc of the oyygen electrode brecks dovm fn i r ly  cpickly at 300 C.. 
Bebysen 100' md 25OoC. the c e l l  output. z t  ncrnal opero.t.ting voltage increases 
rapidly -;,%th r i s e  i n  tempcrrLture, 2s  thc,Qdrogen electrode c-es from 
1og.xrithmic behmious 2.t 100°C. to  l i m x r b e h m i o u r 6  After 2 0 0 C .  the outpvt 
does .not increase n s  r c g a y  cis it does:Hctmen 100 cncl ~ o ~ c . . -  ~,.ldng 100 C. 
cz, pit  perfoG-nce, that txt 15oOe. is rmy G, a t  ~ ~ ~ ~ . . i t : i s . . i o ,  d : G t  . 
250 C. it is 15. 
r i s e s  incrcq ingly  steeply vrith incrensing teiqXrnture, md is roughly doubled 
w i t h  c x h  50 C. r i s e  i n  tenperc.ture. .. - .  

Thw, p.t.f.e. i s  found. t o  corrode r c h t i v e l y  qpickiy at 250 c. 
2nd the %kd- 

.~ . - 

The w. td  rnxinm power ?.v.-il?.ble ( a t  2. l o r r  efficiency) 

(8.5). Zlectrolvte Conccntrp-tlon. I 

T ~ L  ef fec t  o f t h e  vqxur pressure of thc electrolyte og the reversible 
vdltcgc of t he  hydrogen/oqygen c e l l  -t c tenpcrcture of 200 C. is sham in 
rlg.14, 
It h s  been nmessx-y to  plot the v q o u  pressure of the e l c c t r l y t e ,  rcther 
th,m the concentrt ion,  s the  relationship between concentration and vapour 
pressure of very strong K!X solutions has not been measured, as fm cs is 
ImOvJn. 

This assumes thzt  the t o t d  pressure is kept c o n s t a t  at 600 p.s.i.. 

It k.s been cssmed t h r t  the disposzble energy in the f o k t i o n  of w r t e r  

1.t other wlues of pressure the disposzble encrgy 
vcpour at a constmt pt;oss-mc of one ztrnosphsre i s  219.4 kilo-joules per g r m e  
f o m d n  weight, a t  200 C. 
i s  incre,wed by a mmunt 

2 
0.5 R T 10% (P& . Pod 

pH$2 

the pressures being m e a s u r e d  i n  atmospheres. 
, .  

The theoretical voltage i s  obtained by divid.jng the &spos&le energy by 
ZF, where F is  the FLm.dqr, 96,500 coulombs. 

Increxdng the concentration of the potassium :lydroxide electrolyte t o  
35% by weight, increcses the ce l l  outgut progrcssively, but further increase 
frm 35% t o  45% his c? sm-xer erfect. 
45% le:& t o  p rac t i cd  d i f f i cu l t i e s  with the I;DH electrolyte going e W  on 
cooling down. 
50-100 hours has shown tkt the very hi& conccntrctions of KDE lead to bu5ld-q 
of concentr:.tion p o l d z a t i o n  (?.bscncc of water in t h e  owgen electrode is the 
most  probcble c a s e ) ,  so that :. concentration of cbout 35% KDH seems likcly to  
be the optirnum at present. I f  l r t e r  it proves fecsible to  condense out twice 
the vr,?.t.ter f o m d  from the Wclrogen z l ec t rdes ,  md then return one hzlf of this, 
in  the form of stecm n i x e 2  with t h e  o-yygen, t o  the oxygen electrodes, this 
U f i c u l t y  should d i s q p e a  and strongcr concentrations could be contempl.?.ted. 

Opci-ction ct himr concentrations than 

Long continuous operr.tion of ce l l s  on l o d  for periods of 

The vLQues obt&ed for spec i f ic  conductivities of a r a g e  of 
electrolytes at various teq,r?.tures m e  sham in Fig. 15; 
obt'ained by mawring ce l l  r e s i s t a c e  with two different lnter-electrode 
d is tmces  using the comutr.tor technique mentioned previously; 
approximate. 
of conductivity using a LC. bridge md high temperature conductivity cell 
should provide c.ccurate results. 

thesehave been 

they m e  only 
Results for  365 KOH cre pcrticul,vly e r ra t ic ,  2nd. the  zsasasurancnt 
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The vaues  predicted by T.M. Fry") a c  d s o  plotted; thsse were obtcined 
. by u z b g  thc rcl?.tionship between conductivity 2nd viscosity, 2nd u s b g q m  

e s t b . t c d  v d u e  of viscosity; 
from work -13- Kokl  r?.usch i n  1898) ; 

d s o  vdues  quoted f o r  KOH by C.E. Dorrcn" (deduced 
-' c gonercl c p e a e n t  is observed. 

The contribution of ,psctrolyte r e s i s t w e s  t o  ce l l  opcrztion Wiu. be 
qproxh:.tely 0.25 oi-q/cm of ?.ppaent elcctrodt? sUrf:.ce, fo r  & kn. eLct.rc.de 

(6.4). 

i. six cell p x k  of 5 in. dimctcr olcctrodcs mcs constructed in 1954 4 

Mozsurewnts of the shunt currents ?-long the coimnon cletrolyte pcrts, and 
c thcore t icd  trcctment, s u e s t  th.t the ragnitudc of' the shunt currents BFill 
deprL la-gely or. the dimensions of the C u d d  electrolyte ports through the 

Shunt currents in 5Iulti-cell Pmks. 

fLxir r e s d t s  vere o b t h d .  

p:.clc. 

If V = thc open c i rcu i t  v o l t q e  o f  o m  c e l l  
n = the mmber of cella in the pzck 
R = the resistcnce of one p,";ir of z x i d  ports i n  one ce l l ,  and 
r = the rosistcnce of onc p,?ir.of +id ports in o m  ce l l ,  

then the shunt current = 

For lmge  pmks, wherc  distribution of l iqu id  mqf be inrport:nt, it might 
be be t te r  t o  h,-.ve c mnbcr of nxi.1 p a t s  serving @;coups of ce l l s ,  rather tham 
onc l x g e  port servmg d l  the  cells.  

9. U s e  of Other Gzses. 

It has often been suggested that c e l l  of this type could be 
usd as c genuine fuel c c l l  fo r  gcnomting povicr on a largc scale, 
u s b g  hydrogen produced from cop1 by o r d i n q  chemicd rnethorls, cad 
oqrgcn from the  ~ i r .  T h i s  is, of c m c ,  a very mibitious project 
a d  c a n o t  honestly be envisaged at >resent, m&ng t o  the h i g h  cost 
0:' :xce hydrogon pmluced i n  this way; 

Nevertheless,, it i s  obvious the t  the scape of the vrhole project 
coal0 be greatly widened if i t  were found t o  be p s s i b l e  t o  n n k e  use 
ol 2. l iqu id  fuel which could bc converted i n to  s a c  gas which is eleo- 
trochenic,Gly active in the cell;. 
t o  compete on rathcr more level terms with the internal combustion engine. 

h numbs of experiments hcwc been c?rricd out using othsr gases, 

pure owgen is d s o  eqensive. 

in this way it would become possible 

and u i th  mixtures of gasus, m Z  the concluions can be surs;larizecl a.s 
fOllov<S :- 
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1. N o  0-bher fuL-1 g~.s,  a p x t  from hydrogcn, hns bccn fmnd to  be 

'Carbon konoxiuc, 
illsctrochemically active on r nickel electrode at t sqxrabwes  .:rhich it 
would bo pr>.ctiCz?lc to usc in c ce l l  of this ~JF. 
methane md ne thao l  were t r i ed  cnd were d.l unsuccessful. 

2. Both cmbon rmxmxidc ad. cmbon dioXi.de m e  solublc i n  caJ.stic 
potash ana v d d  lea3 t o  tho cventud ccrbonttion of the electrolj-te. 

3. 
loss in p c r f m c e ,  mounting t o  a reduct ion  to  one q u x t e r  of the n o d  
perfomace;  
c.1~3 par t ly  to increzsed c e l l  resistmoo. 

Co1;rpletc czrbonation of tk electrolyte would l e d  t o  2 serious 

this is pzr t ly  due t o  loss  i n  owgen electrode perfomace 

4. Hydrogen cont,..Lining inert diluents, such w nitrogen o r  m e t h e ,  
c3n be used 76th a high vdume percentage of inert gm, as long as pro- 
vision is mde for e;dw.usting the rcsicuc; 
be wasted in t he  &-.st, but the mount l o s t  i s  not l ikely t o  be serious. 

some hydrogen would no Cbubt 

5. Possibly because of i ts  so lubi l i ty  in hot czustic p o t s h  sol- 
tion, cabon  monoxi.de does not poison thc fucl c l e c t r d c ,  but i t  m q y  rLtt.lck 
the nickel pipe-mork l e d n g  gzs in to  thc cell.  RO poisoning'wG obsemed 
with othcr gxes  use&. 

6, Experiments using nitrogen-onygan inixkes shmrcd that 2 . k  could 
be uscd in p l ~ e  of o q g a ,  Ls long s the nitrogen left wer was continu- 
ously removcd, and t h e  carbon dioxide extracted before entry i n t o  the cell. 

Thc abovc conclusions s h ?  th2.t the presence of any gnses, apwt 
from hyiirogen m d  owgen, m~-y . ied  to  rcther zdmard p?o:?lsrs which it 
rioiild probably bi: wise t o  Cvoic? at p-escnt. On the othcr M, s d  
percentages of inert  gases vroulil do no ham t o  the c e l l ,  provided d e -  
quate m e a  wcre w c r l r d  out for exhaustin&& them to  atmosphere from time 
t o  the, bcforc they h a l  bu i l t  up t o  lzrge proportions insick the elec- 
trodes. 
tinuously purifying ?. s l igh t ly  cmbonated olcctrolyte. 

iL d l  purificction p l rn t  could no doubt be dcs iped  foz con- 
, 

The ziidition:.l polcrizztion rt the o ~ j g e n  electrode, c m c d  by uskg 
& instead of pure oxygen, c m  bc seen in Fig.16; 
e f fec t  of owsen pressure on pol,-rization. 
v z i o u s  fuel gzscs on the. polmizntion 0-t the fuel elcctrode; the c w e  
for t ech ic : l  hyclrogen, cn6 d s o  for the iaixturc of 9Q% hydrogen plus  
1% carbon monoxide is identical  vrith thx'c for pure hydrogen, over short 
periods of time. The "technical Qdrogen" is  thc gas winich i s  proauccd 
m a by-pm&uct in o i l  rcfinerics,  from tho "plrtforming process". 

this d s o  sha;fs the 
.'ig.:7 shorn tile cffect  of 

IO. Present Desim. 

I n  1957, the Nanon- l  Resemch Development Corporation of Great B r i t -  
?.&reed t o  f m u e  the &vciopi.lLnt m a  construction of c uxnt developing 
5-10 E#., conpletc with d l  c.utorx.tic controls, 2nd c contrrct f o r  this work 
w;?s p l x ~ x i  with Xmshdl of Cmbndge,  E n g l a d .  
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I 

It w2.s &cided thzt 2. l(j in. &iics.eter csll shod6  bc  conctmstcd, md 
th i s  h s  beon LT oper;.tion sine crch 1958. The present elcctro5e design 
hcs c h c r d y  %:en ii,-scribcd; 
c ~ d  the clcctrolwyta ?re drf i lcd  in the rh, as shown i n  Fig.18;. when these 
electroilus a - e  holtad up togcthir in  the correct ordor, T - i t h  r ings t o  provide 
s p x e  f o r  the  c l x t r o l y t c  md with f1.z.t discs of rnctcl to sep-rP.tC the 
hydrogen fron thc ovgcn in  the xlj;ocnt ce l l ,  t hc j  form C. bc.ttr;ry, thc 
vo1tr:ge of  which dLpi;ncls upon  the nuqber or' cells connected in S C r i C S e  
Rc.di:J. ports f o r  d n i t t i n g  pes or c l x t r o l y t e  from the  ?xi21 ports t o  e x h  
ce l l  ?re provided simply by s lo t t ing  the grskuts. 
lccding thc g?.scs 2nd electrolyte into md out of the bcttery i s  provided 
e i t i c r  2.t oni end, or else ix the centre of  the  cell-pxk. 
i s  boltcd ap bctween t w b  ribbed end plates, with powerful bolts,  with e l e o t r i c d .  
insulction between the e d s  of the p x k  cnd  the end plctcs. 
conncctions ?re s i lverso ldered  onto c x h  cloctrodc, 2nd the i n t e r  cell 
connections =sc w.de externdly ;  
the electrodes ct ecch cnd of thc p,:.ck. 

:.xi21 ports for thc d r i s s i o n  of thc h o  gmcs 

I- distributor -plctc for ' 

The whole cssembly 

E l w t r i c d  

the m r i n  connections .?re? of course &-de t o  

Up to 30 ce l l s  in scrim hcve b u n  opcrrkcd so fa- (see Fig.19) , 2nd 110 
s 7 c c i d  d i f f icu l t ies  hcve been encountcrcd with, for exsi;rpld, sc i l ing  of the 
j o i n t s ,  excessive shunt.currents bct.~ecn-cells,.cxcessiGo e lec t ro lys i s . in  the 
electrolyte ports, ctc. 
12qe multi-cell p:.cks bcfore reli?.blc r i su l t s  c m  bi: quoted. 

11. Dcvelcrpmcnt of Control Gwr. 

. 
But 'inore c:q,xrionce will hcve . to  be obtciined with 

Control of g-s dmission h m  ?lwc.ys been a problem, c.9 r. very dcliccte 
prcssure b d m c c  h=.s t o  be mintained betwcen the t vo  g:ses in thc bcttcry. 
i. systcn hcs now bien worked out vhureby 2 s  c b.-.sis the prcssure of the ox;ygcn 
rGi.::ins const.:nt under ,-11 contiitions of 1o.d; 
tvo-stcge reducing ~ d v c .  
t'ne corrcct r,-.te, so  t hc t  tl, two g;"s Lrcssures : r e  bclxxx6 to  within 2. few 
inches vcter g.u&e; t h i s  is ilonu by f i t t i n g  rn  xcu rn te  d i f f e r e n t i d  pressure 
iaator, which &tu?.tus :%. povicr-opcr.-.tcd v.?lvo >.hitting the hydrogen, thc v~ lve -  
opining b o w  con-crollcd by 2. sc_*;'o nechmisn opcrttjng lvith comprossad F i r .  - f?.ir mount of expericncc k?s bccn obt?.incd ,rjith this gecr xhich works 
cxtctrmdy v r c l l .  
:ieunted on th2 front of the protective frrxcviork enclosing i21o c e l l  pmk. 

this i s  2-chieved with a stpniiard 
Thi: hydrogen tlun b.s ta be ,-Lxittcd 2.t preciscly 

Firme 20 shows v,?rious i t e m  which m.de up this control gerr, 

hfuch thought hrs r l s o  bocn given t o  the problem of th;: rcaovd of v . te r , -  
rt the s m e  r-ti ?.t which i t  i s  forriied. 
circulr.ting the hyc?sogcn s t e m  mii:rtUrc by thcrnosyphonic cction, the s t e m  
buing condensed out i n  c sn.:ll vosscl outside the l?&rg* I n  o d o r  t o  do this 
i n  c. h r g c  br.ttcry, very l c r g c  hydrogen circulcting pipos m d  ports would be 
needed, so it w.s &ccidod thzt c s m d l  hy6rogcn blauwr would hc used; 
considcrcd th-t 2. ghndless forr.1 of drive ::auld be n e c e s s q ,  in view of  the 
difficulty of peventing hydrogcr, 10dc:gc with 2. stm&rd typc of &&. i 
rxagneticdly e i v e n  p q  using r. seriting shrou6 of t h i n  non-i.pGctic iiletrJ k s  
bccn successfully empluyed f o r  s a c  time; it c m  bi; seen mounted undcrne?.th 
tho bcttcry i n  7ig.19. The rr.tc c.t which the cendensctc is  reiiiovecl from the 
system is  controlled by s-ritchinz the b1m-r en a d  off ct interv,lls, the 

- ,  w i t c h  being controllcd by c second Gi?fei-cnti?l pressure meter which  operates 
on the pressure aif'ferencc between the hycirogen in the system m d  the electrolyte. 
I n  this wx, the romovd of w c t m  is controlled by the t o t d  volumc of clectrolyte 
which should of course bc kept ?.ppro&?.t;:ly constmt. 
i n  2- m-11 vessel, from which i t  j.s r i l o2scd  pcriodiczitly by 2. levcl-scnshg 
device such 2s a c c p s i t o r  probe. 'The ixb peds of tlGs g e x ,  vrhich ccn be 
d s o  seen in Pig.20, k.vc bccn in opcrc.tion cnd cppe- to work p r f e c t l y  v r c l l .  

Prcviomsly t h i s  hr.s % s u n  cchiev& by 

it YTCS 

The condensate co l lec ts  
. 

I 
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Until  more cqerience with this gecz is o>tzhuZ, the &I lmcl  gnugcs will be 
rctFincd in use, but eventudly it siould be poss ib lo  t o  r e m o v e  then. 

The initid heating of thhi. bcttery is ?.ccoc;plished by electrical h c t e r s  
mountod on the end plctGs u S .  round the 
legging. 
c c o n s t a t  temperature vrhon on lozil, but the s iap les t  i s  mdoubtudly t o  ?illow- 
cold cir  t o  circulate round the  bs.ttcry, inside the l c m ,  tho ?nount of 
cold & introduced dcpenf3ng on the tciaperp.ture of thc cell pxk. 

body of the b?.tttt.,ry inside the 
Va ious  plms hmc beLm suggsstLd for m i n t c i n i n g  the bclttcry at 

h t l y ,  there is the problcid of remving gs f r o m  the c1cctrcf:rto 
system; 
owgcn by electrolysis in the ccr.mon dcc t ro ly t e  ports, although insulrt icn 
with p.t.f.c. helps cmidcr2.bly in th is  respect. Moreovur, thcre is CLvi2.y~ 
the possibility tht >in elcctrcde n q  s t c r t  lcdcing, thus dl9wing g x  to  get 
i n to  the dcc t ro ly te  system. 
which ¶ill r e l o x e  q j r  ,gss which mry collect  L t  the top of thc elcctrolytc 
systen, by mcms of c. soloncid uperded unlve,, 

it is d i f f icu l t  t o  p-cvcnt entirely sane Czcra t ion  of  hy&-o;.sn a d  

T h i s  is t.?k-en c?rc of by 2. level-sonsing device, 

. .  

ill t h c s e  controls mcy sccm sm-ikat com$icr.tcd 2nd expensive, but .thore 
is 110 doubt tht thcy c m  be d e  t o  work, c n d  x i t h  e: l x g e r  b&tury they shodL 
not be any l?lom complex c d  would then represent only a m-U proportioc of the 
cost of t h e  v h l e  pknt. 

12. Ldvmtwes md AppliLice.tions. 

From i h t  has been s&d, it r r i l l  be soen th2.t it is unlikely thc.t this End 
of bc.ttery could be competitive with oxistin;;  types of accumlctor i n  s d l  simq 
ovring t o  3-10 high cost of the cantrol & e m  in coqmison  with thc o v e r d l  cost 

of the p l a t .  k d  in very s r u l l  s izes  it nod2 be t l irf icult  t o  kcep the ce l l s  
up t o  the working tomperc.ture unless thcy vcre o n  l o d  continuously 2nd unless 
very efficient heat insulction were cmplcyed. It i s  d i f f icu l t  t o  quotc exact 
figures for inininUm sizes u n t i l  ixorc exporiencc i s  obtcined, but a paver output 
c s  s m C L  ai 100 w z t t s  is bdievcd t o  bc feczxble -d th  rc;:.Uy good lag@ng, 

One other fcctor that n u t  be cpprcci-tcd is thz t  it could not compete 
G t h  sqy lccd ?.ccudators on c weight h.-.sis d e s s  the lenbth of t b e  of 
discharge is  grcztcr t h a  ?.bout 1 hour; 
tin(: saving in wei@ should becorne increazAngly hport:nt9 2s shmin in Fig.21. 
The fi,prcs for conven t iml  ucumdntors m c  c f e w  yews out-of-date, but the 
generd  picture to-dqy is undoubtedly roughly the sme. 
tb.t the hydrogen-owgen b:.ttery choulil ba d2.c t o  shov i t 's  p r i n c i p l  x%r?m.tcge 
o n x  convcntimd u c d c . t o r s .  
included, and thiz serves t o  show thzt it n5Jl .-lvcys be c 5 f f i c d t  to c q u t e  on 
c weight basis with e- pmcr generator which e m  d r a w  i t ' s  owgen f r o c  the 
atmosphere. 
in te rna l  combustion engines hare c mat many y e x s  of czroful iLevelopment 
behind them, whcre2s the fuel c e l l  i s  still  in i.t; i n f q .  

The fuel c e l l  might' of 50 lb& shmm i n  T'ig.21 wzs worked out for 2 
l a g e  battery d c v c l ~ i n g  about 44 WZ.; th iz  wight t o  pavror r c t i o   ill not 
be achieved i n  t he  s m d l  cxperhcntd.  unit no17 being bui l t ,  xnC it xould be 
unvise t o  hz:nrd a guess about this unt i l  it i s  completed. 
rcquircmmt kzs bccn that it should work, rztiicr t l r n  thrt it should ham 
nrinimm weight or  v o l m .  

hovLv;r, f o r  longer times t h a  this, 

it is on a weight bcsis 

1. curve fo r  c. Jicsel mgim v i t h  fuel  is d s o  

Howcver, it  is 2s well t o  be- i n  ninrl thzt both c x c d ~ . t o r s  md 

The first 

... . 

i 
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reg& pwrer per  unit volume, the  f igurc  of 8.2 HV/f'h3 of internal 
c e l l  vo m e  has d r c @  been quotcd f o r  a c e l l  voltngc of 0.68; a f i y r c  of 
31BI/ft.' for thc whole ba t t e ry  without cont ro l  gew, wcs quotcd by an h d c p e d e n t  
bo@ sm.e years -?go, f o r  a c e l l  voltxge of 0.8. 

It hcs always bcen hopcd th3.t some s p e c i d i s c d  appl ica t ion  will w i s e  first, 
m cLpplic>.tion f o r  which a f u c l  c e l l  i s  p ,wt icu lcr ly  suited. I n  this connection, 
the possible use of fuel c e l l s  i n  s x t e l l i t c s  nid spme  vehic lcs  is of g rea t  
i n t e re s t .  
t o  en tcr  the c o m c r c i d  f i e l d  i n  coxpetiti.on with storr-gc b a t t c r i e s  which hnve 
,drcady been dcvclopd t o  a high pitch.  

Then, v h e n  fu r thc r  expcricncc hLas bcen o b t b e d ,  it should be possiblc  

It would scem that f u e l  c e l l s  of t h i s  t ype  a re  most su i t ab le  f o r  t r ac t ion  
purposes, both road 
sc r i e s  wound motor prwiStes cn i d c d  propulsion unit f o r  many types of  vehicle,  
the l imi t ing  f a c t o r  so f a r  being the  vrei&t of the ba t te ry .  The gases would 
probably be gencrcted by e l ec t ro lys i s  of w?.ter, and i n  this conncction the  
development of cn e f f i c i e n t  high pressure c lec t ro lyse r  in h m y  i s  of g rea t  
i n t e rc s t .  
National gr id  is. considerably l c s s  thi t h e t  of power produced in a p e t r o l  
engge, md this is of spec ia l  importmce wherc the vehic le  i s  subject to 
repeated starts and stops. 

from nuclecx energy, the cost  of thc  e l e c t r i c i t y  v d . 1  be minly  duc t o  the 
cap i t c l  cost  of the plcant r a the r  than t o  thc  cos t  of the  nuclear fuel; 
the nee6 for some kind of lnrwe sca l e  storage will become increasinplv 

rail; the combim.tion of b a t t e r y  and d i r ec t  current 

It i s  well known that the cos t  of clcctricid.  power from the 

> U h e r ,  if finally most of t h e  power i s  generated on a l a r g e  sca le  

and 

im-portmt, as l i t t l c  vrilll be &vcd by shut t ing  clam the  p l m t s  d&i times 
of light load. 

Other advantages of this ldnd of fuel c c l l  m e  that it is  cble to take 
la rge  w e r l o d s  a t  reduced efficiency vcithout h - g c ,  it i s  s i l c n t  md free 
f rom v ibra t ion  in opcration, it has very few n i o v i n g  p a r t s  mtl the "exhaust" i s  
only w a t e r ;  
with the two gases, a very rap id  process. 

morcover, the  "charging" process would merely cons is t  of r e f i l l i n g  

With the  advent of new methods of s tor ing  hydrogen aft o q p n ,  e i t h e r  in 
l i q u i d  fonn, o r  else i n  the former casc as a compressed gns a t  a very low 
tcmperdxre,  it would scern conceivable thhzt vehicles could be propcllod Over 
redly long d is tances  with fuel c e l l s ;  
t he  world's o i l  supplies, the development of a p r z c t i c e l  fuel c c l l  should, 
i n  the author 's  opinion, be given n high p r io r i ty .  

and in  view of the  rapid deplet ion of 

The author would like t o  thank his colleagues who have given invaluable  
,wd in p z r t i c u l a r  Dr.  R.G.H. Watson, help in thc  prcpara.tion of this papcr; 

now a t  the Ldmirnlty Mater ia ls  Laboratory, Holton Heath, England. 

He would ,dso like t o  t h c d  the  E l e c t r i c d  Resemch h s o c i a t i o n  and the 
Ifinistry of Power f o r  v d u a b l c  f i n m c i d  ass i s tance  over m'my years of rese ,mh;  
olso Hess r s .  ktmshd1 of Cambridge, who =e ncn: providing f&.lities f o r  thc  
development work aft who have given d l  possiblc r&vice 2nd hclp; 
spec ia l ly  thc  N?.tionLd Rcscnrch Development Corporc'iion who nre now financing 
the development work, mil who hcvc kindly given permission fo r  thc publica.tion 
of this paper. 
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IG.1. A PARATUS FOR USING COTLS OF GAUZE 
‘-*&S. GAS SUPPLY BY JNITlhsL ELEC TROLYSiS 
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- F~G. 3 APPARATUS EM60DYlNG CELL WITH 
POROUS CIFFUSlON fLECfRODES. 
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FIG. 4. MICROSECTION SHOWING OARSE R)RE SIDE 
OF HYDROGEN ELEC'IRODE (x 150) 

F I G .  5. MICROSE(;TION SHOVrTNG COARSE AND FINE 
PORE LAYERS OF O X Y m  ELECTROIE 

(x 38) 
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 FIG.^ CORROSION OF SAMPLES OF N l C K E L  PREOXI0I';I;LB I 5 
THE PRESENCE OF LITHIUM YYOROXIDE AND EXPOSE0 to 
65 % KOH AND OXYGEN AT 300'C. AND 800 Ib./sa.in. TOTAL 

P R E S S U R E .  
Qch wrrru. raprerents a pair of rarnplrr. 
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Test a t  2Ciii"C'. i s5n  o)iy er 

pl'essure of 600 fb./Sq.in 
Test at 260°C. is in m y  er 

resscire of 800 lb./sq.in. 
Test: a t  300°C. is in oxy er 

Dressu re  of 800 1b.fss.in. 

and 51 %](OH at a tota 8 
and 51%KOH at  a tota ? 
and 65 %KOH at a tota f 

\ 
=% 

1 i I 1 I 1 t 

Time on test ;h, 
1000 2000 3000 4000 &IO0 6000 7000 8c 0 

~ . -  
FIG.? CURVFS SHOWING T HE E: FECT OF T- Qs.#!ia 
Vahes, plaFtc$ aye averaged from a srrie,s 00 sarnpi?e coated with a'protctctirit 
containing llthturn, t h e  OAI& layCrs being OF similar thidmtrs.  
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FIG. 1'2 VAWUR PRESSURE OF ELECTROLYTES. 
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FIG. 20. CCVFROL G&R hIOUNTD ON rRONT 

OF FROTETIVE: FRAIIIE'.'ORK 
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HYDRCGEN/OXYCEN CELL (FIG 21 

REIkTIONSHIP BETWEEN WElCHT b ENDURANCE FOR KW CELL 
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Central Technical Institute, The Hague, Netherlands 
G.H.J. h e r s  

Stability of electrolytes f o r  high temperature f u e l  
c e l l s  w i l l  be discussed. 
fused carbonates appear to be stable. 
tory model magnesium oxide - carbonate c e l l s  and interpretation 
of their characteristics w i l l  be described. Performance results 
uith regard to electrode gases and stabi l i ty  are surveyed. 

Of a l l  electrolytes investigated, only 
The development of labora- 

\ 

* Manuscript not received in time for preprinting. 
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The High Temperature Fuel Cell 
And the  Nature of the ELectrode Process 

E. Gorin and H. L. Recht 

CONSOLIDATION COAL COMPANY 
Research and Development Mvision 

Library, Pennsylvania 

INTRODUCTION --- 

Considerable a c t i v i t y  has been generated i n  recent years on f u e l  
c e l l  research. 
The major portion of t h  work, however, has been concentrated on the low') 
and medium temperature2f hydrogen owgen c e l l s  and on the so-called high 
temperature gas cel l .  

i n  t h i s  f i e l d  s ince many excel lent  review papers are  available3r. 

The work has encompassed many d i f fe ren t  types of  ce l l s .  

No attempt w i l l  be made t o  review the rather  volumino s l i t e r a t u r e  

The high temperature c e l l  may a r b i t r a r i l y  be defined as a gas 
c e l l  which operates a t  atmospheric pressure and a t  temperatures i n  the 
general range of ~0-gOO"C. I t  operates e i ther  with hydrogen o r  mixtures 
of hydrogen and carbon monoxide as f u e l  gas and usually with a i r  a s  the 
oxidant. This i s  the type of  c e l l  which has excited most i n t e r e s t  as a 
poten t ia l  source of Central Stat ion power. 

Work on the  high temperature fuel c e l l  i s  now underway a t  qui te  
The most extensive and probably a f e w  laborator ies  throughout t he  world. 

the most successful work has been car r ied  out  a t  the University of Amsterdam 
under the direct ion of J. A. A. Ketelaaf i ) .  Broers5) i n  par t icu lar  has re- 
cently published an extensive account of  t he  work carr ied out  a t  Amsterdam. 

Work has been conducted u n t i l  recent ly  on the high temperature 

have described some of the experimental results as well as methods 
he laborator ies  of the Consolidation Coa l  Company. Recent publi- 

t ha t  could be employed for effect ing the  integrat ion of the c e l l  o p e r a t h n  
with the gas manufacturing process. Such integrat ion i s  essent ia l  t o  r ea l i ze  
the poten t ia l  advantage of the f u e l  c e l l  i n  achieving a high efficiency for 
power generation. 

i n  most respects t o  tha t  used by Broers5j. 
a lka l i  cur:Jouates disposed on a special ly  prepared pure porous magnesia 
matrix. 
metals have been used as the f u e l  electrode and a semi-conducting l i t h i a t e d  
nickel oxide refractory as aira) electrode. Likewise, metal. aauzes, anu i n  
par t icu lar  nickel and silverhave been found t o  operate sa t i s fac tor i ly  without 
the powdered metal act ivators  used by Broers. 

%?e hick temperature cel l7)  u t ' l i z e d  i n  t h i s  work has been s imilar  
The e lec t ro ly te  used was mixed 

I n  addition t o  the metal gauzes used by Broers, poroy  sintered .- 
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The basic problems tha t  remain t o  be resolved before the  f u e l  c e l l  
can a t t a i n  commercial s t a t u r e  a r e  the  attainment of a system of acceptable 
l i f e  and power output. 
ably e-rpedited if  a b e t t e r  understanding of t he  manner i n  which the  c e l l  
functions were available. 

The r e s l u t i o n  of these problems could be consider- 

The purpose of t h i s  paper i s  t o  present some thoughts with regard 
t o  the mechanism of the c e l l  action. The experimental work carr ied out  t o  
date  has not  been suf f ic ien t ly  extensive t o  provide pos i t ive  confirmation 
of the theories  presented. The mechanism is put  for th ,  therefore, without 
adequate experimental proof, i n  the hope that i t  may prove useful t o  other  
workers i n  the f ie ld .  

EXPEXIMEhTTAL METHOD AND F S - n s  

The construction of the f u e l  c e l l ,  the  method of fabr icat ion of 
t he  components and the opera t i  g procedure have been described previously 
and will not be repeated here'y. Likewise, some of the experimental results',') 
have been presented before although i n  somewhat d i f fe ren t  form. 

The data presented here serve as a bas is  f o r  discussion of t he  
Most of the data given here revolve about the use mechanism of c e l l  action. 

of hydrogen a s  fuel  gas. Considerable data have been accumulated also on 
carbon monoxide-carbon dioxide mixtures as f u e l  gas. The power outputs 
achieved are ,  i n  general, considerably lower than with hydrogen. These data 
are not included since the  ctiscussion revolves largely about the mechanism 
of the hydrogen and a i r  electrodes only. 

It i s  f e l t  that the  u t i l i z a t i o n  of hydrogen w i l l  be the determining 
fac tor  i n  any potent ia l  p r a c t i c a l  f u e l  c e l l  qystem. AU f u e l  gases t h a t  would. 
be u t i l i z e d  i n  pract ice  would be  r ich  i n  hydrogen. Due t o  the re la t ive ly  poor 
performance of the carbon monoxide electrode, the major portion of t h e  carbon 
monoxide would l i k e l y  be u t i l i z e d  ind i rec t ly  through conversion i n  s i t u  t o  
hydrogen by means o f  the w a t e r  gas shift reaction. The major uist inct ion i n  
pract ice  between the low temperature and high temperature c e l l s  would be the  
a b i l i t y  o f  the latter t o  u t i l i z e  t h e  carbon monoxide even i f  i t  i s  only in-  
d i rec t ly  as discussed above. 

Operating data obtained with the carbonate type c e l l  a r e  summarized 
i n  Tables I A  and IB. 

me electrolyte  employed i n  the  work reported here was an equimolar 
mixture o f  sodium and l i thium carbonates throughout. 
added t o  t h e  air  stream as a depolarizer. 
Table I A .  

Carbon dioxide w a s  always 
The amount used is  specif ied i n  

Tne resul ts  given i n  the t ab le  are, except f o r  individual cases 
noted, smoothed resul ts .  
pose based on the assumption of a l i n e a r  drop i n  c e l l  voltage with current  
drain. i n  order to apply t h i s  method i t  w a s  necessary t o  correct  f o r  the 
decrease i n  open c i r c u i t  voltage due t o  change i n  gas composition a s  a r e s u l t  
of  accumulation of reaction products with current drain. The theoret ical  
voltage w a s  calculated by the  application of t he  Nernst equation. 
figure i s  l i s t e d  i n  Column 4) of Table IB. 
voltage with no current dra in  could not be calculated s ince it is  effected 
by the very small but unknown amount of carbon dioxide i n  the  hydrogen fue l  
gas. 

The method of l e a s t  squares w a s  used for t h i s  pur- 

This 
It i s  noted t h a t  the theoret ical  

I 
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The application of t h e  s t a t i s t i c a l  method t o  the t reatnent  of the 
r e s d t s  i s  i l l u s t r a t e d  i n  Figures 1 ma 2. 
f i e l d  i n  which the experimental data should fa l l  within a confidence limit 
of 95 percent. 

The dot ted l i n e s  present the 

The f i t  suggests t ha t  t h e  c e l l  operates Without substant ia l  
electrode polarization at  700-750"C with porous nickel  f u e l  electrode and 
e i ther  s i l v e r  gauze o r  l i t h l a t e d  nickel oxide as the air electrode. 

The above statement must be q u d i f i e d ,  however, by  t h e  area as shom 
fo r  t he  confidence-limits. 
750°C and of up t o  .a v o l t s  at.700"C. 

A polar izat ion of up to  .Ch vo l t s  i s  p5rmitted a t  

Another check f o r  polarization i s  the agreenent between the c e l l  
res is tance as measured d i rec t ly  by an A. C. bridge and th t  detemined by 
the l e a s t  squares analysis. Tne agreezent i s  excel lent  f o r  Rurr @b a t  
7-50" C. 
and ceasured resistarrce even a t  lower teqerazures .  I n  the 700°C runs, 
however, the calculated resistance i s  d e f i r i t e l y  higher than measured. This 
does not necessarily indicate  polarization, however, as will be shom later. 

3roers5), liiierrise, reports excellent agreeqent between calculated 

30 r e a l i s t i c  comparisor, could be made between measured and calcu- 
la ted  resis tance i n  m y  of the rims shom. 
voltage f a l l s  i n  some cases below the theoret ical  val le .  This i s  a t t r ibu ted  
t o  lirAte5 nixins  of the f u e l  gas a d  air through microscopic cracks i n  the 
ele-zrolyte matrix. 

' I U S  is because the  open c i r c u i t  

Such cracks were observed a f t e r  t he  runs were' conpleted. 

b Cew other  in te res t ing  observations can be made. Si lver  i s  seen 
t o  be L f a i r  hydrosen electrode altinough not nearly a5 good as nickel. It 
i s  o r a c t i c s l l y  woort!lless, however, as a carbon nono.xj.de electrode. 

Iron'does not appear t o  be as good a hydrogen electrode as nickel. 
Tne data presented a re  not conclusive on t h i s  point. i.Iiurerous okher data 
not presented here all point,. however, t o  the same conclusions. 

+OVB 6iscussion is generally i n  accord wLth the findings of 
~ ~ o e r s s ) . .  

i n t e r n i l  Zesis tmce of t h e  C e l l  

ri. d e  his?  i r . te r r .a l  resis tan-e  o l  the c e l l  during operation i s  note- 
r\-orth;-. Segarate csn&L:cti'.rity aeasureaents were made t o  deternine whether 
t h i s  ~ a ~ u l c l  be i t t r i b L t e d  t o  so'le pec .d is r  properzy of  -&e eleczmljrte natr ix .  
!.:exu:-enents were mace with the matrix loaded with an excess of The mixed 
crr'bonate melt. '30 flat s i l v e r  gaskets were used K S  electrodes. An averase 
value of t i e  rcsistmce/crn* of 0.7 o b  w a s  found i n  t h e  temperature range of 
700-8OO'C. 'Tie e q s c t e d  value from the thickness and porosi ty  of the matrix, 
0.2 c3 and 285 respectively, and t i e  specif ic  conauctivity of the  melt 2.9 
0hz-l cm i s  only 0.25 on!. 
of 7-10 than t h a t  observed during c e l l  operation. 
h i& resis tance during c e l l  operation. 

Even so, the measured value i s  smaller by a fac tor  
Broers a l so  found a s imi la r  

Toe high r a t i o  between t h e  resis tance measured during ce l l  operation 
and the inherent r e s i s t i v i t y  of t he  electrolyte  matrix can be taken t o  have 



the  following significance. 
s m a U  area of contact is mainzained between the electrocie and 'he electrolgrte. 
This nay be required t o  maintain pmoer access of  tOe gas t o  'the electrode 
surface, and greatly increases the e f fec t ive  r e s i s b c e  of  the e lec t ro ly te  
if the contact area is s u f f i c i e n t l y  snd-l. 

Considel; f o r  elcample, an i d e d i z e d  model where the electrode xih- 

me melt inventory must be adj.asted u n t i l  a 

ta ins  symmetrical square areas of contact having individual. weas  A2 a ~ d  a 
spacing between contacr; area d as shorn i n  Figure 3 .  

The effect ive resistarjce of a x e l l  containing tu0 such icenzical  
infinite plane square mesh electrodes separated by an e lec t ro ly te  of thickness 

p o t e n t i a l  V t o  the pos i t ion  i r  the e lec t ro ly te  
may be calculated by a solut ion of Lapluc?s equation which re la tes  'Lie 

a2V = 0 

The calculat ion desired is the  potentLd dmp across such an e lec tGde  system 
as a function of  the current density L and the saec i f ic  res is tance X. 
can then be compared with the o o t e n t i d  drop across p l a r e  f l a t  electrodes. 
The ap2ropriate boundary conditions and solut ion of the above oa-rt al ckf- 
f e r e n t i d  eqilation f o r  this par t icu lar  case w a s  given g r e v i o n s p b j  ami' is 
omitted here f o r  the sake of brevicy. The solut ion is s h m  grqhicd l l j r  
i n  Figure 4 where the  r a t i o  Reff/E i s  ? lo t ted  as a function of d/d with 
A/d as a parameter. 
res is tance obtaining i n  'he case where one 'as plane flat electrodes. 

,This 

Xepp/R i s  tne r a t i o  of the e f fec t ive  resis tance t o  the 

It i s  noted, f o r  example, &hat the  e q e r b e n t a l l j i  observed r a t i o  
Raff/X of about 8.0 could be explained i f  the spacing d is about j . 2  E 
G d  A/d = 1.8 E 
is i n  accord with the e lec t ro ly te  thickness of 2 nm used i n  our work. 
in te res t ing  t o  note t h a t  such a s i tuat ion corresoonds t o  confining zhe electrode 
react ion t o  only 3 . 2  x 

UTI 

The above corresponds t o  an. e/d r a t i o  of 6.3 which 
It is 

cm2 per square cent ineter  of e lec t ro ly te  surface. 

The effective resis tance m t i o  5 s  very much a function of 'he s o a c h g  
between contact areas. 
markedly for  constant f r a c t i o n a l  act ive area as the spacing decreases. 
importance of  this f a c t o r  i n  optimizing c e l l  &sign is  onvious. 

It is  c lear  f r o m  Figure 4 that the  resis tance d-ops 
?he 

Another way of i l l u s t r a t i n g  this point i s  t o  repeat 'he same calcu- 
l a t i o n  with a different  geometrical pattern. 
wire type electrode as shown i n  Figure 5. .Such a system would correspond t o  
the "hypothetical" case of a wire gauze electrode where none of the  cross 
wires made contact. 

' B i s  w a s  done with a parallel 

Laplaces equation for this case w a s  solved vith the following 
per t inent  boundary conditions: 

= C Y  
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I t  was assuned again f o r  s implici ty  that both electrodes were identical. 
The solut ion i s  

where r = A/d and i s  the  spec i f ic  resistance. 

The f rac t iona l  area covered i n  this case is A/d as against (a/d)2 
f o r  the square mesh 
dica such t h a t  (A/d$?or the p a r a l l e l  wire type electrode corresponded t o  
~ / d  f o r  the square mesh t-ne. 

wtrode. The points  therefore  were p lo t ted  with t h i s  i n  

It i s  readi ly  seen that t h e - p a r a l l e l  wire type. electrode can tqlerate 
a nuch smaller contact area-withaut a large increase i n  c e l l  resistance. Again 
t i e  a e s i r a b i l i t y  of maintaining Close spacing betveen contact points i n  c e l l  
design is  emphasized. 

Since the actual area of contact during operation of our cell. was 
un!mown one cannot s t a t e  def in i te ly  that t h i s  is  the major cause of the high 
resistance observed. Rather it seems l i k e l y  tha t  the low melt inventory 
i t s e l f  may be p a r t l y  responsible by causing p a r t  of the e lec t ro ly t ic  conduction 
t o  be effected through small, zones of extremely t h i n  layers  of ne l t .  

As will be shown l a t e r ,  however, it is possible i n  pr inciple  t o  have 
a re la t ive ly  low resis tance as measured with an A. C. bridge and an ef fec t ive ly  
hi& resis tance during c e l l  operation as a r e s u l t  of  the electrode reaction 
being concentrated i n  a v e r j  small area. 

&*m Rate of Electrode Reaction 

The electrode reaction as mentioned above m u s t  be concentrated i n  
a very small area due t o  the  d i f f i c u l t y  of providing acess of the gas t h r o u b  
the three phase limit where electrode,electrolyte  and sas meet. 
area required m y  be estimated as follows. 
not take place, in the  limit, any f a s t e r  than as nolecules s t r ik ing  the metal 

o f  estimating this rate using his theory of absolute reaction rates .  
case k%ere gas moleculesstrike s s u r f a c e  t o  form an m o b i l e  dissociated adsorbed 
film, Eyring gives the  equation 

The minimum 
The electrode reaction can cer ta in ly  

surface can be adsorbed. Fortunately, Eyrings f: has provlded us with a method 
For t h e  

uhere VI i s  that rate of  adsorption i n  molecules/cm* sec and El is the act ivat iod 
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energy of adsorption. 
by Eyring one calculates t he  a e o r p t i o n  r a t e  for hydrogen IS 

If we  use A- = 4 and C, =. loL5 sites/cm2 as suggested 

Thus, i f  El is small, i.e., equal t o  3000 cal/niol, the  enEothemic heat of  
solut ion i n  nickel, t he  r a t e  can be as la rge  as 130 raol/cn2 sec a t  750":. 
The above r a t e  i s  s u f f i c i e n t l y  la rge  such t n a t  2 current density of 100 m/cn2 
could be achieved on a surface PS s& as 4.0 x lo-' cm2/cm2 of  e lectrolyte  
area. 
viev of the preceding consideraLrons, cause a very considerable increase i n  
the effect ive resistance of the cell. 

Such a concertration of the eleczmde reaction, however, vodc , i n  

I n  Cne case of t i e  air electrode, :under corpara-cle assvrqtiors, the 
nax3mum r a t e  of the electrode rea-tion would be sorewhat snaller due t o  the 
lower p a r t i a l  pressure illis: t h e  higher molecular wei&t and nonent of i n e r t i a  
o f  o.uygen. Even s o  a r a t e  of the order of 1 mol/cm2 sec i s  possible i n  t h i s  
case. 

The mree Pase L i m i t  

It i s  obvious t n a t  some nechanisn mst be i n  force f o r  broadening 
of t he  three phase l imi t .  Gthenj-ise two deleterious fac tors  come strongly 
in to  play, i.e., act ivat ion polar izat ion as a resu l t  of concentrating t i e  
electrode reaction on a verj  sLWl area ard the concomitant high effecti-re 
res is tance discussed above. 

Tmee mechmisns my Se'.cited, diffusion of t he  gas through a t h i n  
f i lm in t he  neighborhood of t h e  interface,  perneation of gas throuE;h the 3ld-i 

electrode ne ta l  and f i m l l y  surface diffusion =cross the electroce surface. 

%le first seems ulllikely even though &ita on the pe-neetion of gases 
through salt melts a t  high temperatures i s  unavailable. 

Some data a r e  avai lable ,  however, on the  diffusion and pem-ezbilitj. 
rates of hjdrogen and oxygen through aqueous solutions of electrol.&es. 
exmple, the diffusion constant of hydrogen through 2@ RaUd solutionlo) i s  
reported as about lo-' c S / s e c  a t  25°C. 
o f  2 x lO-'mols/cc a t  atmos>her',c pressure. 
t o  the electrode sarfaceperuni t  area through an e lec t ro ly te  film o f  thickness 
a i s  thus 

For 

m e  s o l u b i l i t y  Co is of the order 
me r a t e  of transport of hy-gez 

D ( C o  - Ci) i - - 
d 2 x 95500 

where C1 i s  the  concentration a t  she electrode interface. %e exposure of 
as m c h  as 1 cm2 of surface t o  a t t i n  f i lm of e lectrolyze ger em2 of elec- 
t rol ;  t e  area seems ra ther  ur;LiBelj with electrodes of the typ used ir, this 
work. men so one calculates  is t i e  above case tha t  t he  average zhickness 
of e l e c t r o l j t e  f i l m  would have t o  be  less than 5 x 
current density of 100 m/cm2. 

cm to  maintain a 

Corresponding data a r e  absent of course under conditions where the  
v g h  t-erature c e l l  operates but  it i s  not l i k e l y  that the permeability o f  

! 
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gasez ;nroi-l>hA s d t  melts would be any hi&her due t o  a probably very l o w  
sol.tllizy of zases i- ?e.l',s. It would be in te res t ing  of course to obtain 
s,c3 h t a .  

Data a r e  available, however, from which the  r a t e  of permeation of 
gases tnrou& ne ta l s  can be calculated. 
bi1i';y 02 hydrogen i n  nickel and i ron a r e  those of Armbrute+). 
gives corresponfiAng data on the diffusion constant of hydrogen i n  nickel. 

L&e vro s e t s  of data, one f inds the perneation rate of h p o g e n  
t h r o L 3  
23ls/cn7 sec. 
nols/cm2 sec/cm OF e a t e r  W. afae'actar OE UP 
through e lec t ro ly te  solutions at m o m  temperature. 

Probably t h e  bes t  data on the solu- 

a t  atmos3eri.c pressure P = D& = 1.46 L 
T,e perneation r a t e  a t  750"~ is @us 

e-l loo 

m e  res:. of t h i 3  g q e r  i s  wncerned nith an 
peraee3Gion of 3 s 2 5  thro& the metal electrodes as 
bile cnree phase l imi t .  

PerneaXe I I e t d l  G a  Electrodes 

i. Some consideration is given also f o r  the last mechanism. 
-7 

___-____- 

A s i m p l i l i  the met& e lec t ra ly te  co 
ss-0 that the proole  ctrode react ion can be t 
.mthematicaUy. Suc pretaented grapucdlly fs 
6. Xere a cross s e c t i  n the electrode ana e lec t  
m t r i x  is represented,- !the cross sect ion represents either a apherical metal 
granule of radius r, of the porous m e t a l  electrode or of a cyl indrical  wire 
of the sane rahus for. the case where a w i r e  gauze electmde is used. 
=;le% represents the portion of the  cross sect ion where contact i s  main- 
tained between the e lec t ro ly te  and the  metal. electrode surface. 

!&e 

It i s  now necessar j  t o  make assumptions r e l a t i v e  t o  the ra te  con- 
t r o l l i n z  processes.. mese mus t  be made primarily on a bas is  of "reasonableness". 
It i s  assme$, therefore, tha t  the ra te  of solut ion of gas in to  the metal is 
cantrollel, b j  t i l e  rate of penetration of the gas from an adsorbed layer  of 
dissociated atoms. Similarly the r a t e  of dissolut ion is  controlled'by t h e  
ra te  a t  m i e n  the gas penetrates the metal surface t o  form the same adsorbed 
layer. 

Zxperimentalby it i s  known the  r a t e  of solut ion and dissolution of 
gas i n  met2.l- is.  ver,- rapid re la t ive  t o  the r a t e  of permeaLion through the 
ne ta l  ? ~ d . k ~ ~ ~ .  Xo infomation is available, therefore, on the  ra te  deter- 
p2ning sten ?zr adsorption and desorption. 
-onsistmtvlththe,?ypothesis tha t  the dissolved gases are present i n  dissociated 
forni when dissolved i n  .metals. 
sidered as being present i n  dissociated form. 

The experimental f a c t s  a re  e s o  

The adsorbed layer  may therefore also be con- 

Two fur ther  assumptions a r e  now required, namely, that the r a t e  of 
ac?sorption is very rapid re la t ive  t o  t h e  rate of solut ion such that the con- 
centration i n  the  adsorhed l a y e r  i s  i n  e q u i l i b r i m  w i t h  gas phase. 
it is  assumed that the electrode reaction involves the adsorbed layer  and 
again t h i s  is very rapid r e l a t i v e  t o  t h e  rate of  desorption from t h e  m e t a l  
bulk. 
mined by t h e  concentration i n  the adsorbed layer. 

Similarly, 

Thus again, the  equilibrium electrode poten t ia l  i s  maintained as deter- 



Since the electrode must be a t  constant potent ia l ,  it follows that 
the concentration of the  adsor3ed layer  must be constant at all points v l t h i n  
the  electrolyte .  This concentration C 1  may be  considered t o  be equivalent 
t o  that i n  equilibrium wi"d gas a t  a pressure P1 i n  atmosphere, i.e., C1 = 
Co m. Similarly, the  concentration of the adsorbed layer  i n  the  area 
outside of the electrolyte  Cg, must be constant n equilibrium k i t h  pressure 
of gas exis t ing ir the  gas phase, i.e., cg = co co is the concentration 
i n  equilibrium with 1 atmosphere of gas. 

The rate of permeation of the  gas through the electrode may be ob- 
ta ined by solution of Ficks diffusion equation. 
t o  

For steady flow this reduces 

P P% =O 
( 5 )  

The born- conditions f o r  solut ion of the above equation based on the  above 
assumptions are: 

where k is the ra te  of desorption of the 
C is the concentration of gas i n  the m e t a .  

We obtain two solut ions for the  two cases considered: 

from solut ion in the metal. and 

, 

a )  Spherical Electrode Contact 

, 

where x = cos-@nd h = cos* 

and Pm i f f lare  the  Legendre polynomials of the  first kind. 

F- T h , D  (PgHCi) x, 



vhere 

, 

I 
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Tne f l u x  F above is the  t o t a l  f lov  of gas thmugh the  m e t d l  electrode 
surface and i s  obtained by the integrat ion 

Bow the f l u x  F must equal the current flow 80 that we obtain 

where 
mking contact/cn2 area, n i s  the  number of electrons involved i n  the electrode 
process ( 2  i n  the case of hydrogen) and P = DCo i s  'de permeability of the gas 
throu& &he netal .  
eleckwae polar izat ion A?2 as determined by the slow permeation through the 
electrode 

is  the current density i n  amps/cm*, X i s  the  number of spheres 

The above equation may be used to  calculate  the extent of 

Be -num current t h a t  may be drawn i s  determined by the value of - 
4 i n  equation (LO) when p1 = 0. 

The basic  assunption i n  the above derivation is  t h a t  act ivat ion 
polar izat ion i s  absent, i.e., the  electrode reaction i s  very rapid. 
be seen i n  what follows that a rapid electrode reaction is a necessity i n  order  
t o  obtain adequate permeation ra tes  i n  any case. 

It vill 

An in te res t ing  feature  of equation (10) is t h a t  the  permeation r a t e  
decreases only as the  square root of the pressure. This tends t o  favor this 



I 
1 

aechanism of broadecirg of the three phase l i m i t  i n  the l o w  pressure rags .  
The extent sf ?olar izat ion is shus y-oportimzal f o  perneazion raze of the 
electrode P and 1s)  25 -LU be seen later, re la t ive ly  icsensi t ive t o  :he ra te  
of the electrode process. 

b )  Cylindrical. 'dire Electrode Contact 

%e solutions of equation ( 5 )  are  obtairea i n  this case iE eiact l j -  
the sane fashion as before. They are given below 

The form of  the above equations is very similar t o  the spherical case. 
t h i s  case is defined as  the number o f  cyl indrical  wires of 9 J n i t  length i n  
contact with 1 cm2 of e l e c t r o l y t e  surface. 

N in 

It is noted that in a l l  cases the f lux  fac tor  X i n  the above equations 
is determined only by the term ( -& ). The r a t e  constant for the  electrode 
reaction k is unlmovn. D 
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Hovever, it is possible to  make some deductions from t h e  experimentd 
data as to  the permissible range of t h i s  rate. 
derivation that the r a t e  o f  the  electrode process k (Cg - C,) must be less 
than the r a t e  of adsorption from the gas phase. 

It i s  i n p l i c i t  in the  above 

Consider now porous nickel as a hydrogen electrode. It was s h m  
previously t h a t  a rnaXh.m value f o r  the adsorption rate a t  750°C i s  of the 
order of 130 mols/cm2 sec. 
CO = 3 x 
mean p a r t i c l e  size of the  m e t a l  g r y d e s  i n  the electrode used 

For hydrogen i n  nickel  D = 6 x CS sec-' and 
mols/cc at  750°C. Thus for a p a r t i c l e  of 65 microns diameter 

It i s  therePore c l e a r  that f o r  the present very large values of 
( '3 ) are  not zuled out. 
very laborous f o r  values of ( &L )> 

as a function of the  contact a n g l e p i  and the flux f a c t o r  
It cl3y be shown from the  behavior o f  equation ( 8 )  that as 5 increases indef in i te ly  
so does the f lux  factor .  
higher values of ( &/o ) by use o f  the  erupir icd relat ionship 

Computations o f  the f l u x  f a c t o r  X, hovever, become 
Computed values o f  the  f l u x  f a c t o r  500. 

0 
,,/ -' shown i n  Figure 7. 

It is seen f r o m  Figure 7 that X may be extrapolated t o  

1 The polar izat ion curves calculated inthis.mYfbrseveral assigned vdlues 
of ( ) and f o r  several  b n e r s i o n  angles are illustrated in Figure 8. 

cases shown correspond t o  perfect  contact between the electrode and electrolyte ,  
i.e., every granule in a close-packed array makes contact. 

It may be noted t h a t  the  polar izat ion curves are readi ly  t ranslated 
t o  d i f fe ren t  values of P, N, r, and X. Thus, the  current density a t  w h i c h  an 
equivalent polar izat ion is  obtained is proportional to  P, N and X. 
packed array of contacts it is &so proportional t o  rl. 
contacts/cm2 it is inversely proportional t o  r l . .  

t&t the polar izat ion voltage was  l e s s  than .08 vol t s  at temperatures above 
700°C. 
with the permeation mechanism c i t e d  although the case is far from proven. 

The 

For close- 
For the same number of 

The experimental r e s u l t s  with the hydrogen nickel  electrode shared 

It i s  seen from Figare 8 that such a result can reasonably be achieved 

The permeation rate, as noted above, goes down w i t h  temperature. Thus 
at  600°C it i s  lower by a f a c t o r  o f  3 and consequently only l/3 as much current  
could be drawn before an equivdent  amount o f  polar izat ion s e t s  in. The earLier 
onset of polar izat ion at lover operating temperatures has been noted i n  our  MI% 
and by others. 
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The polar izat ion curves shown i n  Figure 8 correspond to  ra ther  perfect  
contact between electrode and electrolyte .  The effect ive resis tance ra t io  say 
be estimated as discussed bove. Take f o r  example, the case shown for-V= 5 O ,  
the  values of A/d, and &d i n  t h i s  case are  .02 and 30 respectively. Re- 
fe r r ing  t o  Figure 4 the  calculated Reff/R = 2.5 which is considerably smaller 
than the  observed value of 7. In ac tua l i ty ,  l e s s  than perfect  contact may 
be anticipated. The case i s  a l s o  i l l u s t r a t e d  i n  Fi,@re 8 where only one i n  
two p a r t i c l e s  a t  the electrode surface actual ly  &e contact. !The predicted 
polar izat ion i n  this case i s  i n  accord w i t h  that observed W e  R e ~ / R  rises 
according to Figure 4 t o  3.5 which i s  closer  t o  the observed rat io .  

One must make one important qual i f icat ion,  however, s ince i t  can b e  
shown that for high values of ( "b) the  current i s  concentrated over a re la t ive ly  
s n a l l  f rac t ion  of the t o t a l  contact area. Thus the e f fec t ive  resis tance ra t io  
would ac tua l ly  be greater  than the value estimated above. 

As a matter o f  f a c t ,  a pecul iar  feature  of t h i s  treatment of t h e  
electrode.  process i s  that an extrenely rapid electrode reaction causes it t o  
be concentrated i n  a small area  and thus increases the ef fec t ive  internal. re- 
sis tance of the  cel l .  

'IZle iron electrode may be evaluated i n  a similar  fashion. 
meability of hydrogen through i ron from the data of Sni the l l s  and i % 3 ~ s l e y ~ ~ )  
my, be described by the  following equation 

The per- 

Po a t  750°C i s  equal t o  1.8 x lo-' which is very close t o  the value f o r  *e 
permeability af nickel. On this basis  i t s  performance as a h'jdrogen electrode 
should be very similar t o  n icke l  which is i n  accord With the facts .  

Tne re la t ive ly  poor perfonnance of carbon nonodde electrode may be 
ascribed to i ts  low permeability through the metal electrodes. 

We will now turn our a t ten t ion  t o  a discussion of the silver electrode. 
This electrode was used both as a hydrogen and air electrode i n  the form of wire 
gauze. 'de therefore use equation (15) to  discuss t h i s  case. 'Be var ia t ion of 
the f l u x  fac tor  X with ( $*) using the  contact angle as parameter i s  shown i n  

Figure 8 . 
by means of the empirical equation 

Again the f l u x  f a c t o r  may be extrapolated to  higher values of ( -ff ) D 

%e j u s t i f i c a t i o n  again is th behavior of equation (15 )  which  shars tha t  X 
increases indef in i te ly  as ( -$!A ) increases. As a matter of f a c t  i t  may b e  

shown that equation (15 )  takes the form 
00 
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/ i  

I 
I 

I,, 

: i  

as ( 43 ) - e 0 0  

Likewise it may be sham the current i s  concentrated i n  an i n f i n i t e l y  smal l  area. 

. The above ser ies  diverges and thus X,becomes i n f i n i t e .  

The permeability of oxygen through s i l v e r w a s  measured by Johnson and 
LaRose. Their resu l t s  m y  be expressed by the equation 

and shows a value f o r  

Po of 9.3 x 
tained by combining the so lubi l i ty  data of Steacie and john son"^ with the 
above permeability data. 
By the sane ar,ment as w a s  developed previously f o r  nickel  w e  find than the  
m a x i m a m  possible v d u e  of  J- Z 7 x lo7. The nvdnum current tha t  can be 
drawn i n  a i r  under the assmytion t h a t  a l l  wires contact the electrolyte  matrix 
throuzhodt t h e i r  length can now be computed f o r  various assigned values o f  ( &  

0 These I ' i s r e s  a re  shown i n  the tab le  below: 

mols/cm2 sec a t  750°C. The diff'usion coef f ic i  nt  may be ob- 

Thus the  value of D a t  750°C i s  9.5 x lo-' cm2 sec-l. 

). 

Short  Circuit Current For 
30 Mesh Si lver  Wire Gauze Electrode rlp11 7 x lo3 cm - 

Contact 45 Short  Circuit 
D Current ma/cm2 -- Arise 

12.F 2000 5-  0 
1.28" 2000 2.8 
1.28' 7 x 107 42.0 

It i s  now seen t h a t  permeation through a s i l v e r  air electrode i s  nowhere 
suf f ic ien t ly  f a s t  to explain its perfonaance. 

Similar considerations may be made with regard t o  the  s i l v e r  hydrogen 
Accdrdte b t a  are not avai lable  f o r  the perneation ra te  of hydrogen electrode. 

through s i lver .  
suf f ic ien t  t o  e q l a i n  i t s  p e r f o m c e  a s  % hydrogen electrode. 

?"ne indications s&ain are ,  however, t h a t  i t  would be i n -  

To resolve these a i s c r e p a c i e s ,  it is  necessary t o  assume that the  
p e n e a t i o n  r a t e  t h r o u a  a thin surface layer  of the m e t a l  i s  much greater  
than thmu;h the metal i n  b o .  
a sMler cunner t o  the bul!! permeation case t rea ted  above. 
f o r  e:-le, f o r  rapid perneation thmu@ a t h i n  surface spherical  s h e l l  of 
thickaess A i s  given below 

Equations may be derived f o r  this case i n  
The resu l t ,  

\ 
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Thus, the  form of the e p a t i o n  is  ident ica l  t o  t?%r; for bulk dip- 
me dependence of  fusion Kith the only change being in  the  flux fac tor  &. 

the polar izat ion voltage on the  s y s t a  variables is  thus identical. 

In conclusion, t h e  performance of the nickel  and i ron  electrodes 
can be explained on the bas i s  of the buLk permeation ra te  Through t h e  reeta. 
The s i l v e r  electrode performance required the  intmCuction of the concept 
of accelsrated surface diffusion. Funher  experimental 6ata are required 
t o  determine whethe? var ia t ion  of' cell performance with systen 7ariables such 
as gas concentration behaves i n  the predicted fashion. 
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Table I 

s- Fuel C e l l  Performance Data 

A. ~ I ' l T O N S  OF RUNS 

Run No. Temp.,"C Fuel Electrode Air Electrode Fuel Gas m. 
Ag-2a 700 "D" Porosi ty  80 Mesh 97$ H2-35 H20 

A g - a  750 

Ag-2c 800 

Ag-12 750 

a-15 800 Fe Powder on "D" 

Porous Nickel S i lver  Gauze 

Porosity s t a i n l e s s  
S t e e l  

N-6 700 "D" Porosi ty  Porous Li thiated 
Nickel Nickel Oxide 

N-16 750 "D" Porosi ty  Lithiated 
Porous Nickel Nickel Oxide 

a-7B 825 80 Mesh 80 Mesh 
Si lver  Gauze S i lver  G a u z e  

Ag-7c 825 2 c o - l c o 2  

$ C O ~  i n  Air 

16.6 

Y.1 

18.2 

Y. 1 

Y. 1 

Y.1 

ll. 1 

16.6 

16.6 

. - . . . .  
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Table I 

S u n m r y  Fuel C e l l  Performance Data 
B. CURRFPT W N  BEHAVIOR 

Current Density 
Run Pro. =/ern2 

&-23 0 
30 
65 

&-2b 

&-2c 

Ag-12 

0 
30 

100 
127 

0 

100 

0 
35 
65 

0 
32+ 

0 
1oX 

0 
30 
65 
100 

65 

65 

* Actual experimental points. 

Voltage 
cdlc. Open 

Measilred Circuit  

1 . ~ 6  - 
0.918 1.191 
0.578 1.170 

1.250 
1.012 
0.781 
0.572 
0.426 

1.170 
0.625 
0.4ia 

1.180 
923 
,680 

1.143 
0.832 

0.181 
0.140 

1.230 
0.372 - 
0.440 
0.030 

~ 

1.180 
1.128 
1.100 
i. 076 

- 
1.191 
1.160 

~ a 4  
1.145 

1.206 

0- 931 

- 

- 
1.212 
1.165 
1.138 

.. . .. . . , 

f ic  Resist. c n cm 

Measured Calculated 

6.4 

1 
5-2  5.3 

1 ' I  
7.4 

J 

4.2 
4 

- - 

7.3 ll.1 
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Current Density, ma/cml  
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Figure 5. Diagram of Parallel Wire Type Electrode 

I 

Figufe 6 .  Diagram o f  Electrode Contact 
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Figure 7 

F l u x  Factor For Spherical Electrode 

1D 
9 

2 3 + 5 6 7 8 9 1 0  2 3 1 5 6 7 8 9 1 0 0  
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iQ.LTEN ALKALI C i W 3 N A T E  CELLS 
WITH GAS-DIFFUSION ELECTRODES* 

by 

David L. k d g b s  
Research Laboratory, General Electr ic  Co. 

Schenectady, New York 

ABSTiWCT 

The application of gas-diffusion electrodes t o  high temperature f u e l  
ce l l s  offers  the possibi l i ty  of  obtaining the large cllrrent densities associated 
with such e'lectrodes in low temperature cel ls .  In  addition the high internal 
resistance, electroly-te contamination and f r a g i l i t y  encountered i n  the magnesia 
diaphragm cells are avoided. 
design and construction o f  gas-diffusion electrodes are control of pore s ize  
dis t r ibut ion and select ion of materials. 

The problems *ch ar i se  i n  connection witn 

An aoparatus has been assembled to s tu& the performme of sml l  
gas-diffusion electrodes inurersed i n  a molten mixture of' lithium, sodium and 
potassium carbonates. A reference electrode, consisting of a porous plug of 
gold s b t e r e d  into a gold tube, permits s t u a  of the polarization character- 
i s t i c s  of tne individual electrodes. 'his is  operated a s  an unloaded cathode 
( o v g e n  electrode). 
f u l l y  using comercial ly  available porous nickel and s ta inless  s teels  and 
various sintered s i l v e r  powders. Nickel shows very l i t t l e  polarization as 
a hydrogen electrode a t  tenperatures above 500 C. Porous &jl stainless s t e e l  
as  a carbon rnonofide electrode shows comparable polarization losses a t  600 C. 
The data  suggest that  both  the hydrogen and carbon monoxide electrodes suffer 
sone act ivat ion polarization. In  agreerent w i t h  other uorkers we have found 
tha t  s i lver  makes an o v g e n  electrode shouing negligible polarization above 600 C. 

C-as-diffusion electrodes have been fabricated success- 

B e  c e i l  assembb, althou@ having k r g e  electrode separation, 
yields power densities a t  600-650 C. conparable to  those obtained from 
magnesia diaphragm c e l l s  operated a t  higher tempratures. 
that these will improve great ly  when paral le l  close-spaced electrodes a re  
used. 
continuously f o r  100 hrs. 
fa i lure  f o r  several hundred hours. 
electrodes wi l l  be limited by corrosion processes a t  the electrodes. 

it is ant ic ipated 

No l i f e  tests have been carried out, but cel ls  have been operated 
Individual electrodes have operated without 

I t  a p p a r s  tha t  the operating l i f e  of 

* Manuscript not received i n  tire f o r  preprinting. 



-97- 

Not for Publication 
Presented Before the Division of Gas and Fuel Chemistry 

American Chemical Society 
Atlantic City, New Jersey, Meeting, September 15-18, 1959 

Findin$ Commercial Uses for the Coal Acids 
BY 

R. S. Montgomery 

The Dow Chemical Company, Midland, Michigan 

When we  began our work on the mixed acids obtained by the caustic-oxygen oxidation 
of bituminous coal, our first concern was to find commercial applications for them. 
Just as with any other research chemical, the important question WBS, "What a r e  they 
good f o r ? " .  
acids with benzene, naphthalene , and biphenyl as the chief nuclei. 
molecular weight is about 270 and the average equivalent weight about 81. 
the average functionality is about 3 . 4 .  
bituminous coal in aqueous sodium hydroxide by means of gaseous oxygen at a temperature 
of about 29O'C. and a total pressure of about 1800 p.s.i.g. 
to discuss our general plan of attack on the problem of finding out "What are they 
good for?". 

Basically, the coal acids are a complex mixture of polyfunctional aromatic 
(1) The average 

They are made by oxidizing a suspension of 
Therefore, 

(2) In this paper, I plan 

INITIAL WORK 

The most obvious line of attack and the one generally used at the outset in 
problems of this nature is to try to use the new chemical in applications where similar 
materials are now being used; A model compound of similar structure is selected and 
then one systematically attempts to substitute the new compound for this compound in 
all the areas where it is being used. The on ly  polyfunctional aromatic acid of much 
commercial importance is phthalic acid and so it is natural to select this acid as our 
"model compound". This leads us to an investigation of the possible use of the coal 
acids in plasticizers, plating baths, synthetic lubricants, alkyd resins, and the like. 
We investigated these uses as did other investigators a good deal prior to us. 
( 5 )  In general, however, this approach w a s  not very profitable mainly because the coal 
acids are really not very similar to phthalic acid. 
complex mixture rather than a single chemical species. In addition, they are water- 
soluble, rather dark colored, and have higher functionalities and molecular weights 
than does phthalic acid. 
phthalic acid in all the applications where phthalic acid is commercially used. 

(3) (4)  

In the first place they are a 

Because of this, the coal acids appear to be inferior to 

SEPARATION 

The next logical line of attack on this problem is to attempt to separate the 
mixture into its components. If this is not feasible, perhaps the mixture could be 
fractionated into simpler mixtures or perhaps at least the dark colored components 
could be removed. Previous investigators had attempted to separate the mixture by 
distillation of the esters and by solvent fractionation. (6) 
methods ( 7 ) ( 8 )  and also investigated a fractionation based on differences of acid 
strengths ( 8 )  and even partition chromatography. 
able for the commercial separation of the components and only the fractionation based 
on the different acid strengths appeared to be of any commercial importance. 
method, a reasonable fractionation can be obtained as can be seen from Figure lbut 
the fractions are still dark-colored and are still complex mixtures. The dark-colored 
components could not b e  removed although some of the fractions obtained by the distil- 
lation of the esters, chromatography, and solvent fractionation were lighter in color 

We investigated these 

( 9 )  None of these methods was suit- 

With this 

\ 
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than  o thers .  
and sodium hypochlor i te  were a l l  q u i t e  i n e f f e c t i v e  al though t h e  hypochlor i te  treatment 
d id  give some improvement. 

T4ERMOSETTING FBSINS . 

Treatment of t h e  mixture  with hydrogen, hydrogen peroxide (lo), carbon, 

Af te r  t h e  only very l imi ted  success  of these  two l i n e s  of a t t a c k ,  some new point  
of view was required so  we then  began t o  look a t  t h e  c o a l  a c i d s  as a b a s i c a l l y  new and 
d i f f e r e n t  chemical and began t o  t r y  t o  e x p l o i t  i t s  unique p r o p e r t i e s .  The p r o p e r t i e s  
that seemed t h e  most Important were t h e  high f u n c t i o n a l i t y ,  aromatic charac te r ,  and 
perhaps the  water s o l u b i l i t y .  Although many appl ica t ions  were inves t iga ted  from t h i s  
po in t  of view, I w i l l  d i scuss  only t h e  ones t h a t  appeared t o  be of t h e  most i n t e r e s t .  

The high f u n c t i o n a l i t y  of t h e  c o a l  ac ids  suggested that they might be u s e f u l  i n  a 
highly crossl inked,  thermoset t ing r e s i n .  Their  aromatic charac te r  led  us t o  b e l i e v i  
t h a t  they could a l s o  cont r ibu te  good h e a t  s t a b i l i t y  and good r e s i s t a n c e  t o  oxygen 
a t t a c k .  Therefore, w e  f e l t  t h a t  w e  could,  perhaps, make good, r e l a t i v e l y  hea t - re -  
s i s t a n t  binder  r e s i n s  from them and we began t o  look f o r  a p p l i c a t i o n s  requi r ing  r e s i n s  
of t h i s  kind. In addi t ion ,  t h e  f a c t  t h a t  t h e  ac ids  were water-soluble  allowed the  
uncured mixture o r  t h e  p a r t i a l l y  cured r e s i n  t o  be appl ied  d i r e c t l y  from a waTer 
so lu t ion .  This  lead us t o  i n v e s t i g a t e  these  c o a l  ac id  r e s i n s  as foundry b inders ,  ply-  
wood and hardboard b inders ,  g l a s s  f i b e r  binder$, e t c .  Two of t h e  fol lowing papers 
w i l l  be concerned with these a p p l i c a t i o n s  so I w i l l  not  go i n t o  them any f u r t h e r .  

WARP SIZE 

Another unique property of t h e  c o a l  ac ids  i s  t h e i r  a b i l i t y  t o  form f i l m s .  An 
aqueous s o l u t i o n  will dry t o  a r a t h e r  tough, pale-yellow f i l m .  This  behavior i s  un- 
usual f o r  a mater ia l  of molecular weight on t h e  order  of 270. 
of a concentrated aqueous so lu t ion ,  however, provides an i n s i g h t  i n t o  the  reason f o r  
t h i s  property.  From Figure 2 it can be seen t h a t  t h e  c o a l  a c i d s  i n  d i l u t e  s o l u t i o n  
behave as indiv idua l  monomeric u n i t s  of about 270 molecular weight bu t  as t h e  s o l u t i o n  
becomes more concentrated,  t h e - v i s c o s i t y  increases  more r a p i d l y  than can be accounted 
f o r  by j u s t  t h e  increased concent ra t ion .  The molecular weight increases  as the  concen- 
t r a t i o n  increases  u n t i l  a t  very high concent ra t ions  w e  have, i n  e f f e c t ,  a high polymer. 
This  i s  probably due t o  t h e  formation of  hydrogen bonds as t h e  monomeric u n i t s  are 
brought c loser  and c loser  t o  each o t h e r  when t h e  s o l u t i o n  becomes more concentrated 
and can be considered as  a c t u a l l y  a kind of r e v e r s i b l e  polymerization. 
t h e  c o a l  ac ids  could be  used i n  a p p l i c a t i o n s  where water-soluble  polymers are used. 
We inves t iga ted  s e v e r a l  of t h e s e  a p p l i c a t i o n s  and t h e  most promising appeared t o  be 
t e x t i l e  warp s i z i n g .  
S O  I w i l l  not s a y  much about it but  I would l i k e  t o  emphasize t h e  f a c t  t h a t  t h i s  use 
i s  based on t h e  unique phys ica l  behavior  of t h e  coa l  a c i d s  and would not  be expected 
on a b a s i s  of t h e  physical  p r o p e r t i e s  of o ther  known aromatic a c i d s .  

SLURRY THINNING 

The v i s c o s i t y  behavior 

Perhaps then, 

This s p e c i f i c  a p p l i c a t i o n  w i l l  be discussed i n  a fol lowing paner 

Another a p p l i c a t i o n  based on t h e  unusual water s o l u b i l i t y  of t h e  c o a l  a c i d s  i s  
that of  s l u r r y  thinning.  It w a s  a l r e a d y  known t h a t  t h e  sodium salts of t h e  c o a l  ac ids  
were usefu l  a s  slurry th inners  f o r  weighted d r i l l i n g  muds. (11) Normally only t h e  
salts of la rge  molecular weight organic  ac ids  have t h e  requi red  s o l u b i l i t y  f o r  t h i s  
a p p l i c a t i o n  b u t  i n  t h i s  case t h e  a c i d s  themselves can be used. The c o a l  a c i d s  them- 
se lves  have shown a much wider a p p l i c a b i l i t y  than  d i d  t h e i r  sodium salts. 
s tance ,  t h e  c o a l  a c i d s  a r e  u s e f u l  f o r  th inning  ordinary d r i l l i n g  mud as w e l l  a s  
weighted d r i l l i n g  mud. 

For in-  

Figure 5 shows t h e  v i s c o s i t y  of bentoni te  d r i l l i n g  mud as a 
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f u n c t i o n  of t h e  amounts of both t h e  c o a l  a c i d s  and t h e i r  sodium s a l t s .  This a g a i n  i s  
an  example of a use based on the  unique p r o p e r t i e s  of t h e  c o a l  a c i d s .  

CONCLUSIONS 

I n  conclusion,  I would l i k e  t o  re-emphasize t h e  f a c t  t h a t  very of ten ,  as i n  t h i s  
case ,  t h e  more conventional ways of i n v e s t i g a t i n g  t h e  u t i l i t y  of a new mater ia l  may 
be unproductive but  a f r e s h  poin t  of view may provide us with an important new u s e  
based on one o r  more unique proper t ies  of t h e  mater ia l .  I n  the case of t h e  c o a l  acids ,  
t h e i r  use i n  thermosett ing r e s i n s ,  as water-soluble f i l m  formers, and a s  s l>urry. thinners  
a r e  a l l  based on unique p r o p e r t i e s  and would not  be pred ic ted  on a b a s i s  of t h e  proper- 
t i e s  of o t h e r  aromatic  a c i d s .  
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Coal Acids -- A Potential Warp Size 
for Continuous Multifilament Yarns 

BY 
Keith B. Bozer, Wesley L. Archer, and Robert S. Montgomery 

The Dow Chemical Company - Midland, Michigan 

Aqueous solutions of the mixture of water soluble aromatic polycarboxylic acids(') 
produced by the caustic oxygen oxidation of coal will dry to form a rather tough water 
soluble film. One possible market for such a material is as a warp size in the textile 
industry. 
the coal acids for this use. 

In this paper we would like to summarize the results of our evaluation of 

A !iarp size can probably best be described as a vater soluble coating applied to 
the warp yarns to increase loom efficiency during weaving. The size is applied tc the 
yarns frim an aqueous s.:.lution and must be sufficiently \dater soluble so that it can 
be completely removed by a dilute detergent solution. In addition, the size must have 
good adhesion to the yarn and be sufficiently pliable to protect the ..$arp yarns from 
the flexing, abrasion, aad other stresses of the veaving operation. 

Just as the above definition implies, the only absolute methcd for evaluating 
sizes is to conduct rather extensive :ieaving trials. However the cost cf such a zesr. 
necessitates some type of preliminary testing to establish a high probability of 
success. Potential sizes can be evaluated in the laboratory if one simplifies the 
problem somewhat and looks at the desirable physical properties which are either 
afforded or enhanced by the presence of a suitable size on the yarn. In the case of 
a continuous multifilament yarn these properties vould include unitization of the 

. yarn and abrasion resistance. It,is also necessary to determine if the size has any 
degradative effects 0% the yarns physical properties in addition to establishing the 
ease of application and removal of the size. By comparing the effects of an experi- 
mental material and a commercially accepted size it is possible to get an indication 
of the probability that the experimental material may have for success in a weaving 
trial. 

The coal acids were first evaluated on continuous multifilament nylon.-yarn. 
were two principal reasons for choosing this yarn. First, it is well known that 
materials having a low pH give the best adhesion to nylon fibers and second, the low 
viscosity of the size solution suggested that the size might'not "lay" the protruding 
fibrils of a staple yarn in the desired manner. 
polyacrylic acid size (Acrysol A-1) manufactured by Rohm and Haas vas chosen as the 
control with which the coal acids were compared. 

Ease of Application and Removal 

There 

In this evaluation the widely accep-Led 

Observations made during the preparation of sized samples for testing using the 
single-end slasher shown in Figure 1 indicated that there would be no problems in 
applying the coal acid coating to the Yarn. While the use of a colored material as a 
warp size could possibly have certain advantages it has the one major disadvantage in' 
that it must be completelx removed from the woven fabric. 
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Two genera l  methods were used t o  determine whether t he  coa l  ac ids  could be satis- 
f a c t o r i l y  removed from the  yarn. 
na ture  of t he  s i z e .  Sized samples of yarn were r insed  with a stream of water for about 
t e n  minutes and then  a f t e r  drying were t i t r a t e d  :.iith d i l u t e  base t o  determine the 
amount of r e s idua l  ac id .  The r e s u l t s  of t h i s  test  ind ica ted  t h a t  the  amount of coa l  
ac ids  l e f t  on t h e  yarn was below 0.0% s i z e  pick-up. 
ou t  based on t h e  co lor  of t he  coa l  ac ids .  I n  t h i s  method samples of t h e  s ized  yarn 
which had been washed i n  an  aqueous so lu t ion  of 0.2% Tr i ton  X-100 and 0.2546 tetra- 
sodiumpyrophosphate were wound on p l a s t i c  chips and t h e  co lor  of the  yarn determined 
on a Hunter Color and Color Difference Meter (H.  A.  Gardener Laboratories,  Bethesda, 
Md.). 
similar manner. The results of t h i s  eva lua t ion  are shown i n  Table I. 

The f i rs t  of these  methods ..?as based on the  ac id i c  

A more accura te  method was worked 

Samples of yarn sized with Acrysol A - 1  and unsized yarn were t e s t e d  i n  a 

TABLE I 

HUNTER COLOR AND COLOR DIFFERENCE METER DATA 

a b - u Rd - Sample 
Porce la in  Standard 77.0 -0.2 +1.8 
Unsized Yarn 52 .a -:.0 +:.0 
Washed Yarn (Acrysol A-1) 54.9 -2.7 +:.8 
Washed Yarn (Coal Acids) 52.6 -5.0 +:.1 
Washed Yarn (Coal Acids) 55.5 -5.0 +5.2 

KEY: 
The negative numbers i n  the  ' a '  column ind ica t e  t h e  
degree of blueness and t h e  pos i t i ve  numbers i n  t h e  ' b '  
column ind ica t e  the  degree of yellowness. 

The % column ind ica t e s  the  per cent  re f lec tance .  

Although it w a s  impossible t o  exac t ly  dupl ica te  commercial methods of scouring 
o r  s i z e  removal, t h e  da ta  i n  Table I ind ica t e s  t h a t  t he  coa l  ac ids  can be completely 
removed from t h e  yarn. 

Yarn Degradation Studies 

In c e r t a i 3  cases it may be necessary t o  s t o r e  a s ized  warp f o r  prolonged periods 
of t ime. Therefore, it is  e s s e n t i a l  t h a t  t h e  s i z e  have no adverse e f f e c t s  on t h e  
phys ica l  p rope r t i e s  of the  yarn. The t e n s i l e  s t rength  and per cent  e longat ion  of 
nylon yarn which had been aged after being s ized  with Acrysol A-1  and coa l  ac ids  were 
determined and found t o  be comparable. 

Abrasion Tests 

The most widely accepted method of labora tory  eva lua t ion  of experimental s i z i n g  
mater ia l s  i s  that of determining the abras ion  r e s i s t ance  of t h e  s ized  yarn. However, 
t h e  type of a p r p r  and t e s t  may vary considerably with the  inves t iga to r  and t h e  type 
of yarn used 
which appears t o  work qu i t e  well on continuous multif i lament yarns, is based on t i e  
Duplan Cohesion Tes te r  (Geier and Bluhm Inc. ,  Troy, N .  Y . ) .  
of  a warp s i z e  i s  t o  reduce the  number of breaks i n  the  warp yarns dur ing  weaving but 
th i s  yarn break po in t  i s  not necessa r i ly  a good end poin t  on an abras ion  t e s t e r .  
is p a r t i c u l a r l y  t r u e  with continuous multif i lament y a r n  where t h e  yarn i tself  may not  
break from abras ion  alone f o r  s e v e r a l  zhousand cycles while a good s i z e  may w e l l  be 
completely destroyed a f t e r  50 cyc le s .  For t h i s  reason t h e  "fray-point ' '  was chosen as 
the end poin t  on t h e  Duplan Cohesion Tester because it c l e a r l y  shows t h e  poin t  a t  which 
t h e  s ize  f i i m  is destroyed. 

. The method which we employed i n  eva lua t ing  t h e  c o a l  ac ids ,  and 

See Figure 2.  The purpose 

This 

The use  of th i s ,end-poin t ,  which i s  shown i n  Figure 5 ,  

i 

I 

I 



! 

I 
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enables one t o  measure t h e  degree of un i ty  and abras ion  r e s i s t ance  imparted t o  t h e  yarn 
by t h e  s i z e .  
we were ab le  t o  compare the  proper t ies  of t h e  commercial and the  c o a l  ac id  sizes. 
The r e s u l t s  of t h i s  eva lua t ion  are shown i n  Figure 4 .  The da ta  shovn i n  Figure 4 
ind ica tes  t h a t  t he  c o a l  ac ids  and Acrysol A - 1  a f fo rd  a comparable amount of pro- 
t e c t i o n  t o  t h e  yarn. 

By t e s t i n g  samples of yarn having varying percentages of s i z e  pick-up 

The r e s u l t s  of t h e  above t e s z s  ind ica t e  t h a t  t he  coa l  ac ids  m i g h t  be a good warp 
s i ze  f o r  nylon multif i lament yarns and suggests f u r t h e r  t e s t i n g  i n  t h e  form of a 
weaving t r ia l .  

Other Types of Yarn 

On t h e  b a s i s  of t h e  favorable r e s u l t s  obtained on nylon, t h e  c o a l  ac ids  were 
a l so  evaluated on o the r  types of continuous multif i lament yarn. 
commercial s i z e  was used as a cont ro l .  Evaluations were ca r r i ed  out  on Dacron, Orlon 
and c e l l u l o s i c  type yarns and i n  genera l  t h e  r e s u l t s  obtained were Very s imi l a r  t o  
those obtained on nylon. The r e s u l t s  of the abrasion r e s i s t ance  s tud ie s  on these  
yarns a r e  shown i n  Figures 5 ,  6, and 7. 
ac ids  might f i n d  r a t h e r  wide app l i ca t ion  as a warp s i z e  f o r  continuous multif i lament 
yarns. 

I n  each case a 

These r e s u l t s  i nd ica t e  t h a t  perhaps t h e  c o a l  

Weaving T r i a l s  

Af te r  a small  s ca l e  weaving t r i a l  w a s  conducted successfu l ly  on equipment loca ted  
i n  the  Midland Division a l a r g e r  and more thorough t r i a l  was ca r r i ed  out a t  North 
Carolina State,School of Tex t i l e s ,  Raleigh, M. C .  I n  eva lua t ing  t h e  coa l  ac ids  i n  
these weaving t r ia ls  every attempt w a s  made t o  handle the  experimental  mater ia l  i n  t h e  
same manner as it would be handled commercially. These weaving t r ia ls  vere c a r r i e d  
out on continuous multif i lament nylon yarn and here aga in  t h e  eva lua t ion  was conducted 
i n  such a manner t h a t  t he  coa l  ac ids  could be compared d i r e c t l y  with the  Acrysol A-1  
s i z e .  

I n  genera l  t he  r e s u l t s  of the  weaving tr ial  followed very c lose ly  those of t h e  
laboratory eva lua t ion .  It was noted dur ing  the  s i z i n g  operation t h a t  t h e  coa l  a c i d  
sized warp par ted  much e a s i e r  and subjected the  yarn t o  much l e s s  s t r a i n  than d id  the  
commercial s i z e .  While the  length of t h e  weaving t r i a l s  was not s u f f i c i e n t  t o  c a l -  
cu la t e  with c e r t a i n t y  the  e f f i c i ency  of t h e  s i zes  t h e r e  were fewer yarn breaks 
a t t r i b u t a b l e  t o  ' s i z e  failure' i n  the  coa l  ac id  warp than  the re  were i n  t h e  Acrysol 
warp. 

It was i n  the  last s tages  of t h e  weaving . t r ia1 ,  t h a t  i s  t he  scouring s tep ,  t h a t  
t he  only ser ious  problem was encountered. During t h i s  s t e p  the  s ized  f a b r i c  was 
acc identa l ly  exposed t o  l i v e  steam before the  scouring was s t a r t e d .  It w a s  found t h a t  
temperazures i n  t h i s  range were su f f i c i en t  t o  "se t"  t h e  coa l  ac ids  o r  ac tua l ly  cause 
chemical combination with t h e  yarn which prevented the  complete removal of t h e  co lo r  
from t h e  f a b r i c .  
180"~. or  g rea t e r  would cause varying degrees of d i sco lo ra t ion  i n  d i r e c t  p ropor t ion  
t o  the  t i m e  t h e  temperature was maintained. 
can temperatures t o  be maintained i n  t h i s  range but  t h e  coa l  ac ids  have t h e  advantage 
t h a t  t h e i r  high f l u i d i t y  w i l l  al low drying a t  lower zemperatures ( c ~ ~ o ' F . )  while 
maintaining normal s l a she r  speeds. The d i sco lo ra t ion  would probably a l s o  be lessened 
when t h e  coa l  ac ids  are used on another f i b e r  where t h e  ion ic  a s soc ia t ion  of t h e  re- 
ac t ive  groups i n  t h e  f i b e r  and s i z e  a r e  not so g rea t .  

Fur ther  t e s t i n g  i n  t h e  labora tory  ind ica ted  t h a t  temperatures of 

It i s  not uncommon f o r  s l a she r  dry ing  

V 



Summary 

The coal acids form water soluble films which may be useful as warp sizes for 
continuous multifilament yarns. The films appear to impart as much or more abrasion 
resistance to a wide range of multifilament yarns as commercially accepted sizes. 
The only apparent problem is the tendency of the coal acids to react with, and there- 
by discolor the yarn at elevated temperatures. 
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SINGLE - END SLASHER 
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PERCENT PICK-UP 
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Coal Acids - An Intermediate  For Thermosetting Resins 
BY 

Wesley L. Archer, Keith B. Bozer and Robert S. Montgomery 
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INTRODUCTION : 

Gaseous oxygen oxidat ion of an a l k a l i n e  s l u r r y  of bituminous coa l  y i e l d s  a mixture of 
water soluble  aromatic polycarboxylic a c i d s  (1). These c o a l  ac ids  have been shown t o  have 
three pr inc ip le  aromatic r i n g  systems, namely benzene, naphthalene and diphenyl (2). The 
mixture i s  s t rongly  ac id ic  and has  an  average f u n c t i o n a l i t y  of approximately three .  

The c o a l  ac ids  a f ford  an i n t e r e s t i n g  and r e l a t i v e l y  inexpensive r a w  material. One 
The large s p e c i f i c  use of t h e s e  ac ids  is i n  the  prepara t ion  of thermoset t ing r e s i n s .  

markets f o r  r e s i n s  of t h i s  type provided an i n t e r e s t i n g  f i e l d  of inves t iga t ion  and e f f o r t s  
t o  develop these r e s i n s  are out l ined  i n  t h i s  paper. 

Coal ac ids  can be reacted w i t h  an  alkanolamine, a lkylene oxide, polyhydroxy1 compound 
Variat ion of reac tan ts ,  t h e  equivalents  used or  polyamine t o  g ive  thermosetting resins. 

or  the  reac t ion  condi t ions allows a wide spectrum of r e s i n s  with varying proper t ies .  The 
polyamide, po lyes te r  or combination of f u n c t i o n a l  groups poss ib le  i n  these  r e s i n s  are 
shown i n  examples 1-5. In  examples 1, 2 o r  J an equivalent  of hydroxyl o r  amine reac tan t  

(1) R(COOH)3 + HN(CH2CHzOH)z _3 R(COOCH2-)2 (CONCH2-) 

(2 )  R(COOH)3  + HCCHzCH20Hw R(COOCHz-)s 

( 5 )  R(COOH)3 + HzN(CHz)nNH2- R(CONCHz-)3 

(4) 1 eq. R(COOH), t 1 mole NH(CH2CH20H)2+R CON(CHzCH20H)z [ I 3  
( 5 )  R(C0OH)z  + CH2CH20 _j R(COOH)(COOCHzCH2OH) 

is used f o r  each carboxylic acid equiva len t ,  while i n  example 4 one mole of diethanol-  
aaine.is used per  equivalent  of a c i d  group. 
groups which could then be crossl inked.  Use of a l a r g e  excess of a g lycol  reac tan t  with 
t h e  coa l  ac ids  a l s o  y ie lds  a r e s i n  with f r e e  hydroxyl groups. The preparat ion of a 
p a r t i a l l y  reacted e s t e r  w i t h  f r e e  carboxyl ic  ac id  and hydroxyl groups i s  shorn i n  
example 5. 
when cured at e l e v a t e d  temperatures. 

The latter r e s i n  w i l l  have f r e e  hydroxyl 

The r e s u l t a n t  water so luble  r e s i n  intermediate  gives  a crossl inked s t r u c t u r e  

A. Preparat ion and Chemistry of  t h e  Resins 

Alkanolamine, Polyhydroxy1 and Polyamine Resins 

The mixture of aromatic polycarboxylic acids  (coa l  a c i d s )  obtained from the  
Coal Research Laboratory of t h e  Carnegie I n s t i t u t e  of Technology i n  Pi t tsburgh was 
used i n  the  preparat ion of some of t h e  r e s i n s .  
weights a r e  270 and 82 respec t ive ly  giving an average carboxylic a c i d  func t iona l i ty  
of 5.3. 
Chemical Company. These c o a l  ac ids  were shown by equivalent  and molecular weight 
determinations t o  be s imi la r  t o  t h e  mater ia l  obtained from t h e  Carnegie I n s t i t u t e  
of Technology. 

t h e  coa l  ac ids  and o ther  r e a c t a n t  i n  water may be appl ied d i r e c t l y  t o  t h e  subs t ra te  
t o  be bonded. 

The average molecular and equivalent  

Many of the  l a t e r  r e s i n s  w e r e  prepared from coal  ac ids  made a t  t h e  Dow 

A novel and usefu l  f e a t u r e  of these  r e s i n s  i s  t h a t  a mere phys ica l  mixture of 

This method of a p p l i c a t i o n  el iminates  the hazard and expense of 
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organic so lvents  i n  commercial app l i ca t ions .  The r e s i n  adduct i n  a concentration 
range of 50-8@ s o l i d s  gives a water so lu t ion  of workable Viscosity and good f i l m  
forming proper t ies .  

A p a r t i a l l y  cured bu t  s t i l l  water so luble  c o a l  a c i d  resin was prepared from 
t h e  coa l  ac ids  and monoethanolamine by hea t ing  equiva len t  amounts of t h e  r eac t an t s  
a t  170°C. f o r  2 hours. 
d i s t i l l e d  off giving on cooling a water soluble s o l i d .  T i t r a t i o n  of t h i s  material 
revealed t h e  presence of nearly a l l  t he  o r i g i n a l  amine salt  groups. 
or tr ialkanolamine however y ie lds  water inso luble  products because of excessive 
c ross l ink ing  of t he  hydroxyl group. 

Approximately 8% of t h e  water of e s t e r i f i c a t i o n  slowly 

Use of  a d i  

Another p a r t i a l l y  cured, but s t i l l  water so luble  r e s i n  can be prepared from 
t he  coa l  ac ids  and pen tae ry th r i to l .  A suspension of an equivalent of pen tae ry th r i to l  
i n  a 70% s o l i d s  so lu t ion  of one equivalent of c o a l  a c i d s  i n  water was s t i r r e d  and 
heated a t  r e f lux  f o r  5 hours. The r e s u l t a n t  so lu t ion  on  t i t r a t i o n  showed 27$ e s t e r i -  
f i c a t i o n  of the  pen tae ry th r i to l ,  while a f t e r  24 hours o f  r e f lux  the  e s t e r i f i c a t i o n  
approaches an equilibrium value of 4@. The p a r t i a l l y  advanced r e s i n  is a viscous 
so lu t ion  which does not exh ib i t  any p r e c i p i t a t i o n  on s tanding  f o r  prolonged periods.  

Alkylene Oxide Derived Resins 

Ethylene,propylene and butylene oxide have been reac ted  wi th  the  coa l  ac ids  
i n  a dioxane media t o  produce p a r t i a l l y  reac ted  esters conta in ing  carboxylic ac id  
and hydroxyl groups. These products,which a r e  water so luble  i n  concenzrated 
so lu t ions ,can  be cured t o  give a thermosetting r e s i n .  The r e s i n  of primary 
i n t e r e s t  involves the reac t ion  of one mole of e thylene  oxide with t w o  equiva len ts  
of coa l  ac ids  as shown i n  example 5 -  

The alkylene oxide add i t ion  is  genera l ly  allowed t o  proceed u n t i l  one h a l f  of 
t he  carboxylic ac id  groups have reac ted  g iv ing  a r e s i n  in te rmedia te  which on f i n a l  
cure has no r eac t ive  groups. 
r a t i o  may give a thermoplastic r e s i n  on f i n a l  cure .  

Wide devia t ion  from the  50-50 ac id  hydroxyl group 

Ethylene oxide adducts with equivalent weights i n  t h e  range of 162 t o  528 
have been prepared as  have propylene oxide adducts with equiva len t  weights of 170- 
440. Reaction with butylene oxide is  slower and requi red  the  addi t ion  of a s m a l l  
amount of s u l f u r i c  ac id  and add i t iona l  hea t ing  a t  60"c.  t o  g ive  an adduct w i t h  an 
equivalent weight of 225. 

Res in~compa t ib i l i t y  with Phenol - Formaldehyde Resins 

Preliminary work has shown t h a t  various c o a l  ac id  r e s i n  adducts a r e  compatible 
with the  "A or B stage" water borne phenol - formaldehyde r e s ins .  
s a l t  charac te r  of t he  alkanolamine or polyamine - c o a l  a c i d  r e s i n s  l i m i t  t h e i r  
compat ib i l i ty  with a lcohol  borne phenol - formaldehyde r e s i n s .  

Kowever t h e  amine 

Laboratory inves t iga t ion  has ind ica ted  t h a t  an a c t u a l  r eac t ion  can OCCUI' between 
t h e  coa l  ac ids  and the  phenol - formaldehyde r e s i n .  

Various moun t s  of c o a l  ac ids  were mixed with both nA" and "B" s tage  phenol - 
formaldehyde r e s i n s  and the mixzures cured. 
t i t r a t e d  i n  order t o  determine the amounts of t h e  c o a l  a c i d s  that had been incor -  
porated i n t o  the  cured r e s i n  s t ruc tu re .  
could combine with approximately 45$ of i t s  weight of c o a l  ac ids  bu t  t h e  "B stage" 
r e s i n  only 7$ of i t s  weight. This can be explained by the f a c t  t h a t  t he  "A stage" 
r e s i n  conta ins  a much l a r g e r  proportion of free methylol groups than does t h e  "B 
stage" r e s in .  

The cured r e s i n  mixtures were then  

It w a s  found t h a t  t h e  "A stage" resin 
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B. Reaction Rate Studies 

Reaction r a t e  s tud ies  of t h e  alkanolamine - Coal ac id  r e s i n  adducts have 
afforded in fomat ion  concerning t h e  r e l a t i v e  r a t e s  of e s t e r  formation as compared 
with amide - imide formation. The usua l  methods f o r  k i n e t i c  s tud ies  a r e  use less  
i n  t h i s  case  because of t h e  h ighly  c ross l inked  and inso luble  na ture  of t h e  coa l  
ac id  r e s i n s .  The most s a t i s f a c t o r y  so lu t ion  t o  the  problem was t o  cure weighed 
samples of t he  r e s in  adduct on squares of aluminum f o i l  vhich were f loa t ed  on t h e  
surface o f  a Wood's metal ba th  con t ro l l ed  a t  a f ixed  temperature. The r e s i n  
samples were prepared f r o m  a mixture of 1:l equivalent of alkanolamine - coal  ac ids  
containing 1.6 water. The sample a f t e r  cure was d iges ted  i n  a methanol - water 
so lu t ion  and t i t r a t e d  with LN sodium hydroxide. A p lo t  of pH v s .  mi l l iequiva len ts  
of a l k a l i  revealed two po in t s  of i n f l e c t i o n s ,  one occurring a t  approximately pH7 
and ind ica t ing  f r e e  carboxylic a c i d  group and t h e  second i n f l e c t i o n  po in t  a t  pH 
9.5-10.5 which corresponded t o  t h e  amine sa l t  component. 

Samples were run f o r  var ious  t i m e  i n t e r v a l s  and t h e  mi l l iequiva len ts  of un- 
reac ted  carboxylic ac id  groups and/or amine s a l t  groups p lo t t ed  vs. t he  cure t i m e  
i n  minutes. The semilogarithmic p l o t  approximated a s t r a i g h t  l i n e  suggesting a 
f i r s t  o rder  reaction. This behavior i s  reasonable,  s ince  both reac tan ts  a r e  
combined i n t o  one molecular spec ies  by means of the  amine salt  formation. 

A t y p i c a l  p l o t  of an alkanolamine - c o a l  ac ids  r eac t ion  is shown i n  Figure 1. 
I n  t h i s  case  samples of a 1:l equiva len ts  formulation of t he  diethanolamine - coa l  
a c i d  r e s i n  were cured a t  2 6 5 " ~ .  
f r e e  carboxylic acid and amine salt groups, l i n e  B t h e  e s t e r i f i c a t i o n  rate while 
l i n e  C i s  t h e  r a t e  of  formation of the  amide o r  imide. The reac t ion  r a t e  constants 
and ha l f  l i v e s  of the mono, d i  and triethanolamine - c o a l  ac id  r e s i n  r eac t ions  are 
shown i n  Table I .  The slower r a t e s  exhib i ted  by t h e  d i  and triethanolamine resins 
are probably due t o  s t e r i c  hinderance.  
r e a c t i o n  r a t e  increase.  

Line A shows the disappearance of the  combined 

U s e  of a n  a c i d i c  c a t a l y s t  gave t h e  expected 

Cure r a t e s  of t he  diethanolamine - c o a l  ac id  r e s i n  were determined f o r  temper- 
a tu re s  i n  t h e  range of 240-:00"C. t o  give t h e  Arrhenius p l o t  shown i n  Figure 2. 
The slope of the  p lo t  i s  only s l i g h t  i n  t h i s  temperature range while determinations 
a t  150 and 210°C. gave r a t e  cons tan ts  far below t h i s  range. 
cons tan ts  may be p a r t i a l l y  due t o  a lower hea t ing  e f f i c i ency  of t he  experimental 
s e tup  a t  these  temperatures or perhaps ind ica t e  a r eac t ion  rate threshold e f f e c t .  

These lower r a t e  

Preliminary work has shown t h a t  r eac t ion  rates of t h e  coa l  acid - g l  
can a l s o  be  determined provided a lower temperature,  e.g.  150°C., i s  used 
t o  reduce t h e  evaporation lo s ses  of the  g lycol .  
of the  square of  the carboxylic a c i d  concentration vs.  time as obtained v izk  3. c o a l  
a c i d  - die thylene  g lycol  r e s i n  system. 
concentration, the  r e s u l t a n t  s t r a i g h t  l i n e  p l o t  i nd ica t e s  a t h i r d  order r eac t i32 .  
This  i s  i n  accord with t h e  mechanism of an  ac id  catalyzed e s t e r i f i c a t i o n .  
ca ta lyz ing  ac id  i n  t h i s  r eac t ion  i s  the  c o a l  ac ids  because of t he  strong ac id i c  
na ture .  

F igure  : i s  a p lo t  of t he  re - iproca l  

Since t h e  r e a c t a n t s  have the  same i n i c i a l  

The 

A rate study of t h e  c o a l  a c i d  - pen tae ry th r i to l  r e s i n  adduct has proven in- 

The r eac t an t s  were heated i n  water t o  g ive  a p a r t i a l l y  e s t e r i f i e d  

U s e  of t h e  t i t r a t i o n  procedure gave a 

t e r e s t i n g  s ince  the  results i n d i c a t e  a f i r s t  order r eac t ion  similar t o  the  a lkans l -  
amine resins. 
r e s i n  which on t i t r a t i o n  showed 1% advancement. 
t hen  cured i n  the  normal manner at 230'C. 
p l o t  shown i n  Figure 4. 
a l a r g e  por t ion  of the  p a r t i a l l y  cured r e s i n  adduct i s  i n  the  form of a molecular 
spec ies  having both a c i d  and hydroxyl groups. 
would be  pr imar i ly  an in t ramolecular  polycondensation and first order. 

Samples of the 7% so lu t ion  were 

A f i r s t  order r eac t ion  i s  reasonable i f  one considers t h a t  

Thus the  r e a c t i o n  i n  t h i s  study 
Calcula t ion  



of t h e  f i r s t  order reac t ion  rate conszant f o r  t h i s  r eac t ion  gives a value O f  0.175 
minutes-' and a half l i f e  of 5.95 minutes respec t ive ly .  

Saponi f ica t ion  of Coal Acid Resins 

A b r i e f  look a t  the  saponi f ica t ion  razes  of some of  t h e  coa l  ac id  polyes te rs  
may be of i n t e r e s t  a t  t h i s  po in t .  
ground t o  l e s s  than 250 mesh was suspended i n  N/10 sodium hydroxide. 
was s t i r r e d  a t  room temperature and por t ions  removed a t  i n t e r v a l s  f o r  t i t r a t i o n .  
The saponi f ica t ion  r a t e s  of the  diethanolamine, ethylene g lycol  and pen tae ry th r i to l  
r e s ins  of t he  coal ac ids  a re  shown i n  Figure 5 .  The 1ower.saponification rates of 
t h e  diethanolamine and pen tae ry th r i to l  r e s i n s  can be explained by s t e r i c  hinderance. 
Saponi f ica t ion  of t'ne pen tae ry th r i to l  r e s i n  by seve ra l  d i f f e r e n t  concentrations of 
sodium hydroxide shows t h a t  the  r a t e  and ex ten t  of degradation i s  propor t iona l  t o  
the a l k a l i  coccent ra t ion .  

The completely cured r e s i n  (225'C. f o r  2 hours) 
The suspension 

C .  Physical  Proper t ies  of Coal Acid Resins 

1. 

2 .  

Physical S t rength  

Sand b r ique t t e s  were used as the  t e s t  media i n  determining the  phys ica l  
s t r eng th  of t he  coa l  ac id  r e s i n s .  The one inch th i ck  sand b r ique t t e s  were of  
t h e  f i g u r e  e i g h t  shape and i d e n t i c a l  t o  the  form adopted by t h e  A.S.T.M. f o r  
eva lua t ion  of foundry molding sands. Table I1 l i s t s  the  t e n s i l e  s t r eng ths  
of the various r e s i n  bonded sand b r ique t t e s .  A l l  t h e  r e s ins  were phys ica l  
mixtures of one equivalent coa l  ac ids  and one equiva len t  reac tan t  i n  water 
unless otherwise s t a t ed .  

The r e s ins  i n  order of decreas ing  s t r eng th  a re  t h e  ethylene oxide adduct,  
pen tae ry th r i zo i ,  g lycol  ana alkanolamine adducts.  The alkanolamine type r e s i n s  
can b e  considerably overcured without idpar ing  t h e i r  s t rength ,  while a g lyco l  
r e s i n  bonded b r ique t t e  overcured f o r  j minutes a t  2 6 0 " ~ .  su f f e r s  a s t r eng th  
loss  of some 204b. 

Heat S t a b i l i t y  of Cured C o a l  Acid Resins 

Inves t iga t ion  of t h e  coa l  a c i d  r e s i n s  as a g lass  f i b e r  binder prompted 
a study of the  r e s i n ' s  hea t  s t a b i l i t y .  Br i e f ly ,  the  method of t e s t  cons is ted  
of suspending a powdered sample of t he  cured r e s i n  i n  a w i r e  screen holder 
placed i n  a v e r t i c a l  furnace.  A thermocouple placed i n  the  sample continuously 
measured the  temperature of the  sample as t h e  furnace temperature w a s  g radual ly  
increased and the  r e s i n  s t a r t e d  t o  burn. The slope of t he  combustion temper- 
a t u r e  curve between 700 and 1100°F. was used t o  express the  r a t e  of r e s i n  
combust ib i l i ty .  The rec iproca l  slope (A temp./& time) was used i n  order  t o  
obta in  numbers g rea t e r  than one. 
t h e  conditions used the  r e s i n  sample temperature w i l l  no t  exceed 700°F. 
Therefore,  the  temperature l i n e  between 700 and llOO°F. would be due t~? 
t h e  r e s i n  heat of combustion. 

I f  no r e s i n  combustion takes  place under 

A second hea t  s t a b i l i t y  tes t  appl ied  t o  our r e s i n s  determined the 
c r i t i c a l  temperature a t  which t h e  r e s i n  would completely burn without added 
hea t .  The o v e r a l l  heat s t a b i l i t y  of t he  p a r t i c u l a r  r e s i n  w a s  shown by com- 
b in ing  t h e  slope f a c t o r  and c r i t i c a l  cemperature i n t o  t h e  expression 
a t e m p . / a  t i m e  . Some of our combust ib i l i ty  da t a  from t h i s  slope method 

c r i t i c a l  temp. 
are given i n  Table 111. 
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The r e s ins  i n  order of decreasing hea t  s t a b i l i t y  are diethylene- 

tr iamine, diethanolamine, e thylene  g lycol  adduct and phenol-formaldehyde 
r e s i n s .  The hea t  s t a b i l i t y  of t he  coa l  ac id  - polyamine r e s i n  i s  s imi l a r  
t o  some melamine type r e s i n s .  

CONCLUSIONS : 

The c o a l  ac ids  undergo polycondensation reac t ions  with alkanolamines, poly- 
hydroxyl o r  polyamine r eac t an t s  t o  give thermosetting r e s i n s .  
r eac t an t s ,  r eac t an t  r a t i o s  and r e a c t i o n  conditions allows t h e  prepara t ion  of a large 
number of r e s i n s  with varying p rope r t i e s .  
of t h e  r eac t an t s  i n  water o r  a p a r t i a l l y  reacted r e s i n  which i s  s t i l l  water so luble .  

Proper choice of 

The r e s i n  adducts may be siffiple mixtures 

The cure process of t h e  various r e s i n s  can be followed by t i t r a t i o n  of t h e  s t i l l  
unreacted carboxylic acid o r  amine salt groups. Thus a method i s  ava i l ab le  f o r  the 
evaluation of various r eac t an t s  and conditions i n  the  prepara t ion  of t h e  coa l  a c i d  
r e s i n s .  

Phys ica l  p roper t ies  of these r e s i n s  t h a t  have been s tudied  include t h e i r  s t r eng th  
and hea t  s t a b i l i t y .  The r e s ins  i n  order of decreasing s t r eng th  are the  ethylene oxide 
adduct, pen tae ry th r i to l ,  g lycol  and alkanolamine - c o a l  ac id  r e s ins .  Many of t h e  coa l  
ac id  r e s i n s  have physical s t r eng ths  s u f f i c i e n t  t o  allow t h e i r  use as r e s i n  b inders .  
The hea t  s t a b i l i t y  of s eve ra l  coa l  ac id  r e s i n s  have been found t o  be super ior  t o  a 
t y p i c a l  "A stage" phenol - formaldehyde r e s i n .  
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TABLE I 
CURE RATES OF ETHANOLAMINE - COAL ACID RESINS AT 265"~. 

- .  Total Ester Amide/Imide 
k min-l tl/2 min. k min-l. tl/2 min. k min-l t1/2 min. 

Monoethanolamine 1.22 0.57 1.67 0.42 0.82 0.85 
Diethanolamine 0.68 1.02 0.73 0.95 0.62 1.12 

Diethanolamine 0.87 0.80 0.96 0.72 0.72 0.98 
Triethanolamine 0.41 1.68 0.46 1.50 0.28 2.44 

With poly H304 

TABLE I1 

TENSILE STRENGTHS OF COAL ACID RESIN BONDED SAND BRIQUETTES 

Reactant 
( @  green solids1 
Monoethanolamine 
Diethanolamine 
Triethanolamine 
Ethylene glycol (1) 
Diethylene glycol 
Propylene glycol 
Dipropylene glycol 
Triethylene glycol 
Ethylene oxide (2) ( 3 )  
Pentaerythritol (4) 

Cure 
Conditions 
15 min./260"C. 

I 

10 min ./260°c. 
22 min./26O0C. 
18 min. /26o0c. 
40 min. /225'C. 
45 min./250~~. 

Tensile 
Strength, psi. 

128 psi. 
4 58 
502 
562 
690 
464 
494 
580 
850 
758 

Footnotes: (1) 5.5$ resin solids 
(2) Coal acid - ethylene oxide adduct at approximately 
( 3 )  Thermoplastic after 50 min. cure 
(4) Resin composed of 1 eq. coal acid and 0.9 eq. of 

5@ reaction. 

pentaerythritol and reacted to 1 6  esterification. 

TABU I11 

COMBUSTIBILITY RATES OF CURED RESINS 

x 10-7 min-1 Resin or Coal Acid Reactant Temp. Critical Slo e 
Time (OF. min-l) Temp. OF. Critic% Temp. 

"B stage" phenol-formaldehyde 200 
5@ Diethanolamine 80 

Diethanolamine 55.5 
Diethylene -triamine 16-20 
Ethylene glycol 1-50 

5@ "B stage" phenol-formaldehyde 

400'F. 500 
680'~. 117 

700°F. 95 
690"~. 23 
625'~. 240 
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Not f o r  Publication 
Presented Before the D i v i s i o n  of Gas and Fuel Chemistry 

American Chemical Society 
At lan t ic  C i t y ,  New Jersey, Meeting, September 1?-18, 1959 

Coal Acids - Raw Material  f o r  Foundry Resins 
BY 

Wesley L. Archer, James B. Louch and Robert S.  Montgomery 

"he Dow Chemical Company - Midland, Michigan 

LnJTRODUCTION : 

Aromatic polycarboxylic acids derived from the controlled oxidation of coal(') 
have been used t o  prepare thermosetting resins  Of i n t e r e s t  t o  the foundry industry.  
The monoethanolamine, diethanolamine, ethylenediamine, diethglenetriamine and penta- 
e r y t h r i t o l  adducts of these coa l  ac ids  were investigated as s h e l l  molding r e s in  
binders.  

The cur ren t  uses of a phenol-formaldehyde r e s i n  i n  the foundry industry i l l u s t r a t e d  
some of the market potent ia ls  f o r  t h e  new coal acid resins .  The largest  market i s  
found i n  s h e l l  molding where some 17 mill ion pounds of phenol-formaldehyde r e s in  w a s  
used i n  1957. 
i n  s t e e l  cores i s  another market with good growth poten t ia l .  

The increased use o f  the phenol-formaldehyde r e s in  with ce rea l  binders 

Sand br ique t tes  bonded with the coal acid r e s ins  were tes ted f o r  t e n s i l e  strength 
and the resins  of pa r t i cu la r  i n t e r e s t  evaluated i n  s h e l l  molding. 
pen tae ry th r i to l  preadvanced r e s i n  w a s  outstanding i n  ove ra l l  performance as a shell 
molding binder and thus w i l l  be the  r e s in  of prime i n t e r e s t  i n  t h i s  paper. 

Resin Preparation 

The coal acid - 

The r e s i n  adducts of i n t e r e s t  i n  t h i s  inves t iga t ion  were homogeneous solutions 
of the coal acids and reac tan t  i n  water. The coal acid - pentaery thr i to l  r e s in  w a s  
p a r t i a l l y  advanced i n  water t o  give a s t i l l  water soluble homogeneous solution. 
water solutions afford an easy and economical method of applying the r e s in  t o  the  sand. 
I n  most cases, equivalent r a t i o s  of  the reactants were used i n  the r e s in  preparation 
and r e s in  adduct concentrations of 60-7@ gave solutions of workable v i scos i t i e s .  
res ins  as water solutions have an unlimited storage l i f e .  

These 

"he 

Requirements of a Shel l  Molding Resin 

The f i r s t  requirement of a s h e l l  molding r e s i n  i s  t h a t  it must give a f r e e  flowing 
r e s in  coated sand which on heating thermosets t o  f i rmly  bond the  sand grains together.  
The resul tant  s h e l l  mold must have su f f i c i en t  heat res i s tance  t o  withstand the shock 
of molten metal and hold c lose  tolerances u n t i l  the  metal has s e t .  A t  t h e  proper time 
i n  the  metal set cycle the s h e l l  must also burn out t o  give collapse of t he  s h e l l  and 
a c lean  casting. 
concentration, e .g .  urea formaldehyde gives a low temperature collapse for magnesium 
and aluminum castings.  
used f o r  malleable i r o n  and s t e e l  cast ings.  

The temperature of collapse can be governed by the r e s i n  type and 

Phenolic r e s ins  afford higher heat realstance and are commonly 

The po ten t i a l  r e s in  binder must be e f fec t ive ly  and eas i ly  dispersed i n  a sand mix 
by means of a Simpson or similar  type muller. 
r e s i n  has been popular i n  the  p a s t ,  but it i s  rapidly being replaced by a more ef fec t ive  
l i qu id  r e s in  coating procedure. 
t h e  mulling operation to  dry the r e s i n  coated sand un t i l  it is  f r e e  flowing. 
of t h i s  f ree  flowing condition during storage i s  necessary f o r  optimum pat te rn  per* -I ormance 
l a t e r .  

Dry  blending of the sand and powdered 

In t h i s  procedure a source of hot a i r  may be used during 
Maintenance 
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It  i s  important t h a t  t he  r e s in  binder be cured and thermoset within a reasonable 
period of t i m e .  
t yp ica l  s h e l l  molding procedure given below. 

The approximate time and temperature l i m i t s  a r e  i l l u s t r a t e d  i n  the  

(1) The dry r e s i n  coated sand i s  dropped onto a preheated (400-500'F.) metal 
pa t t e rn  and allowed t o  remain f o r  15-55 seconds. 
the coat o r  dwell time determines the  thickness of the  shell. 

A t  t he  end of the  proper dwell time the  e n t i r e  pa t t e rn  i s  inverted 180 degrees 
allowing all the  excess and unbonded sand t o  f a l l  back i n t o  the  dump box. A 
dough l i k e  s h e l l  of r e s in  bonded sand is  lef t  adhering t o  the  metal pa t te rn .  

The metal pa t t e rn  and p a r t i a l l y  cured s h e l l  i s  then  placed i n  an e l e c t r i c  o r  
gas furnace (800-1J+00°~.) where the  cure i s  completed i n  40-60 seconds. 

The thermoset s h e l l  mold I s  then e jec ted  from t h e  metal pa t te rn  by hydraulically 
operated e j ec t ion  pins.  

This time period bo rn  as 

( 2 )  

( 5 )  

( 4 )  

The fabr ica t ion  performance and pouring behavior of t h e  s h e l l  mold i s  grea t ly  de- 
pendent on the  s h e l l  having su f f i c i en t  t e n s i l e  s t rength  a t  a reasonable r e s in  concentration, 
e.g. 5.5-% r e s in  so l id s .  Factors t h a t  a f f e c t  t he  t e n s i l e  s t rength  of the  r e s i n  bonded 
sand include the  r e s i n ' s  ac tua l  composition, the  e f f ic iency  of t he  coating operation, 
the degree of r e s in  flow before thermoset and the  temperature range necessary for t h i s  
flow. A l l  of these f ac to r s  and the conditions necessary f o r  t he  optimum t e n s i l e  s t rength  
can be evaluated by preparing br ique t tes  from the  d r i ed  r e s i n  coated sands. 

Preparation of the  Coal Acid - Pentaery thr i to l  Resin - (ET-400) 
Most of the  coa l  acids used i n  t h i s  work were prepared at t h e  Dow Chemical Company. 

These coa l  ac ids  were similar t o  those made by t he  Carnegie I n s t i t u t e  of Technology ( 2 )  
and had an equivalent weight of 80-85 and average func t iona l i t y  of approximately three.  

The f i r s t  p a r t i a l l y  e s t e r i f i e d  coa l  acid - pen tae ry th r i to l  r e s ins  were prepared by 

The reac t ion  of a 
s t i r r i n g  and refluxing the  mixture f o r  a period of 5-6 hours. The degree of advancement 
was determined by t i t r a t i o n  of the  ava i lab le  carboxylic ac id  groups. 
75% so l ids  so lu t ion  of 1 equivalent coa l  acids - 1 equivalent pentaery thr i to l  during the 
f i r s t  two hours of re f lux  i s  rapid.  An equilibrium e s t e r i f i c a t i o n  of 5% was obtained 
a f t e r  8 hours. When 0.9 equivalent of pentaery thr i to l  (7% so l id s  solution) i s  used an 
equilibrium e s t e r i f i c a t i o n  of 52% is reached a f t e r  8 hours. 
Concentration on the  e s t e r i f i c a t i o n  r a t e  i s  shown by t h e  f a c t  t h a t  a 9 6  so l ids  so lu t ion  
of ET-400-85 (contains 0.85 equivalent pentaery thr i to l )  g ives  2% e s t e r i f i c a t i o n  at  the 
end of t he  f i r s t  twenty minutes of re f lux .  

The e f f e c t  of so l id s  

The p a r t i a l l y  advanced r e s i n  is a viscous so lu t ion  which does not exhib i t  any 
prec ip i ta t ion  on standing i f  the  advancement i s  g rea t e r  than  12%. 
at  60-6s  calculated reacted so l ids  gave a very workable v iscos i ty .  

Physical Proper t ies  of the  Coal Acid - Pentaery thr i to l  Resins -(ET-400) 

The r e s in  so lu t ion  

Preparation of one quar te r  inch br ique t tes  from t h e  d r i ed  r e s i n  coated sand allowed 
a study of the  physical p roper t ies  of the, coated sands as they were re la ted  t o  the r e s i n  
composition and pretreatment. The sand coating operation w a s  done i n  a "Kitchen Aid" 
mixer or  i n  la rge  batches i n  a Simpson Muller. A source of hot a i r  d i rec ted  onto the  
sand mix shor tens the  time required f o r  t he  mulling operation. 
sand through a 42 mesh screen it was dropped i n t o  a quar te r  inch  deep br ique t te  mold 
preheated t o  425°F. The coated sand was allowed t o  stand f o r  10-15 seconds and then 
the excess unbonded sand scraped off w i t h  a t h i n  metal s t r i p .  
a t  650 '~ .  f o r  2 minutes gave the  f in i shed  t e s t  specimen. 
motor driven Die t e r t  Tensile Tester.  

After screening t h e  coated 

Curing of the  b r ique t t e  
These were then t e s t ed  on a 
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Optimum Pentaery thr i to l  Concentration i n  ET-400 

Tensile strengzh determinations have shorn t h a t  the pentaery thr i to l  concen- 
t r a t i o n  can be dropped t o  0.9 equivalent pen tae ry th r i to l  t o  1.0 equivalent coal 
acids without reducing the r e s i n ' s  bonding s t rength.  Use of a 1:l r a t i o  of hydroxyl 
t o  carboxylic acid groups would seem unnecessary since s t e r i c  hinderance;undoubtedly 
prevents t h e  reaction of some of the carboxylic acid groups. 

m y s i c e l  Strength vs. Resin Concentration 

A p lo t  of the percent of  reacTed r e s in  so l id s  on a coarse.0ttawa sand vs. the 
resu l tan t  t e n s i l e  strengths i s  shown i n  Figure 1. The br ique t tes  were bonded with 
an ET-400-9 r e s in  with a preadvancement of 17.5% and cured f o r  2 minutes a t  6 5 0 " ~ .  
A t ens i l e  s t rength  of 360 p s i .  is  obtained a t  t he  4% r e s in  l e v e l  commonly used i n  
commercial s h e l l  molds. N a t u r a l l y ,  t he  s t rength  a t  a ce r t a in  r e s i n  l eve l  w i l l  vary 
with the s i z e  d i s t r ibu t ion  of  t he  sand, the clay content of the sand, the resin 
composition and the coating techniques. 
l a t e r .  

Effect of Resin Preadvancement 

Each of these f ac to r s  will be discussed 

The t e n s i l e  strength of the  ET-400 r e s in  coated sand has been found t o  be a 
function of the resin preadvancement. The preadvancement necessary f o r  optimum 
tens i l e  s t rength  appears t o  be i n  the range of 1?-18$. 
of preadvancement on the t e n s i l e  strengths of two d i f f e ren t  r e s i n  coated sands. 
This pa r t i cu la r  data w a s  obtained on small one and a half pound batches of sand 
coated i n  a "Kitchen Aid" mixer. 
muller demonstrates t ha t  higher t e n s i l e  strengths may be expected from the more 
e f f ec t ive  coating obtained with a Simpson Muller. 

Figure 2 shows the e f f ec t s  

The one t e n s i l e  s t rength  value i n  Figure 2 marked 

The presence of clay and other  nons i l ica  impurit ies i n  the Vasser bank sand 
could explain the differences i n  t e n s i l e  s t rength  of the Vasser bank AFS 100 sand 
as compared with the high s i l i c a  content Wedron AFS 116 sand. The clay and s i l t  
impurit ies could indeed decrease t h e  flow of the resin before the thermoset. 
flow of the r e s in  coating on a sand g ra in  t o  the  surrounding sand grains  and 
formation of a complete bond would be decreased. 

The most important property controlled by r e s i n  advancement i s  the r a t e  and 

Thus, 

temperature a t  which the r e s i n  flows. The improved flow behavior of the r e s in  on 
coated sands with l e s s  preadvancement i s  d i r ec t ly  re f lec ted  i n  the  improved t ens i l e  
s t rengths .  The temperature at which the r e s in  f i lm  on a sand gra in  w i l l  s t a r t  t o  
f l o w  can b e  determined and is r e fe r r ed  t o  as the s t i c k  point .  
ment of the ET-400 re s in  gives a lower s t i c k  point and a r e su l t an t  higher t ens i l e  
s t rength.  

A lower preadvance- 

Preliminary observations have shown that the  amount of moisture pickup by the 
r e s i n  coated sand is  another f a c t o r  controlled p a r t i a l l y  by the degree of r e s in  
advancement. 
coated sand w i l l  remain i n  a f r e e  flowing condition before ac tua l  use. 
coated i n  3. Simpsor Mulier with a r e s i n  of at  l e a s t  1% preadvancement w i l l  give a 
s table  f r e e  flowing sad.. This range of r e s i n  preadvancement may a l s o  be expected 
tolgive uearly optimum t e n s i l e  s t rengths .  

Thus, adequate r e s in  advancement is  necessary so t h a t  the r e s in  
Sand 

Shell Mold m d  Core ?&xication 

The E1'-4CO r e s i n  with optimum sand binding prop, - r t i e s  was thel? examined i n  the 
The small :hree prong cover p l a t e  type ac tua l  fabr ica t ion  3f s h e l l  molds and cores.  

s t e l l  mold t h a t  - a s  presared on a small dump box machine is shown i n  Figure 5 .  
s h e l i  cores have a l s o  been prepared on a commercial Shalco core blowiag machine. 

Hollow 
Both 

d' 
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pieces of equipment employ the  same bas ic  pr inc ip les  of investment, removal of excess 
unbonded sand and f i n a l  cure as outlined e a r l i e r .  

A .  Sand Coating Procedure 

The proper mulling procedure i s  second only t o  the r e s i n  i n  determining the 
f i n a l  behavior of the coated sand i n  s h e l l  mold fabricat ion.  The r e s in  formu- 
l a t ions  f o r  ac tua l  s h e l l  f ab r i ca t ion  were applied t o  20 pound batches of sand 
contained i n  a Simpson Muller. 

A t yp ica l  coating operation f o r  t he  Simpson Muller i s  given below: 

(1) Charge 9000 grams of sand and 550 grams of l iquid ET-400-9 r e s in  
(4% reacted so l id s  on sand) and 20 grams Acrawax (0.22q6) t o  the muller. 

( 2 )  MUU f o r  1 minute. 

( 5 )  Hot a i r  supply s t a r t ed  and continued u n t i l  coated sand went through the 
agglomeration stage.  

Mulling continued f o r  an addi t iona l  15 minutes with hot a i r .  

Coated sand dumped and screened through a 40 mesh screen. 

( 4 )  

(5) 

The Acrawax serves a s  a lubr icant  f o r  the f i n a l  r e s in  coated sand and helps 
the sand r e t a i n  i t s  f r e e  flowing charac te r .  
was furnished by a small modified h a i r  dryer with a maximum nozzle temperature of 
500°F. 

The hot a i r  for the  mulling operation 

During the agglomeration s tage it w a s  found necessary t o  stop the muller 
several  times and manually break up the p l a s t i c  l i k e  sand mass. Coating of 720 
pound batches of Nugent AFS 75 sand with ET-400 i n  a commercial s ize  muller did 
not give t h i s  problem. The e n t i r e  cycle from r e s i n  addition t o  coated sand d i s -  
charge required 14 minutes i n  the commercial setup. Tota l  time f o r  the coating 
operation i n  t h e  small Simpson Muller was 55 minutes. 

B. Shel l  Mold Properties 

A Nugent AFS 75, coarse Ottawa or  Wedron AFS 116 sand coated with 4% of ET- 
400-9 r e s in  gave good three prong cover p l a t e  s h e l l  molds at a pa t te rn  temperature 
of 450-50OoF., investment time of 15 seconds and cure time of 40-60 seconds. 
r e s in  preadvancement of approximately 15% i s  preferred f o r  maximum t e n s i l e  strength 
and pa t t e rn  performance at a low pa t t e rn  temperature of 450°F. Moisture s t a b i l i t y  
of the ET-400-9 coated sand appears t o  be good since no buildup of coated sand on 
the back s ide of the s h e l l  and/or pee l  back of a portion of the s h e l l  occurs. An  
excessive amount of moisture a l so  tends t o  cause the agglomeration of  the individual 
sand p a r t i c l e s  i n t o  un i t s  of several  p a r t i c l e s .  These small agglomerates give poor 
packing of the sand p a r t i c l e s  a t  the  pa t t e rn  surface and the resu l t ing  poor surface 
hardness and strength.  

A 

The di f fe rences  i n  t e n s i l e  s t rengths  of a high s i l i c a  sand and bank sand s h e l l  
mold i s  again i l l u s t r a t e d  by the following values.  
4% ET-400-9 (advanced 16$) coated Nugent sand averaged 515 ps i .  a s  compared t o  the  
value of 795 ps i .  f o r  the r e s in  on Wedron sand. Hardness as measured by a Die te r t  
Hardness Tester was 80 f o r  the Nugent s h e l l s  and 90 f o r  the Wedron sand shel ls .  

The t e n s i l e  s t rength  of the 

Recent work has shown t h a t  the addi t ion  of a nonionic surfactant ,  e.g. 0.25% 
Tri ton  X-100, t o  the r e s i n  coated Nugent or Vasser sand w i l l  give a 2% s t rength  
increase.  Replacement of 5C$ of the  pen tae ry th r i to l  i n  t he  ETA00 r e s i n  with a 
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glycol o r  ethylene oxide adduct w i l l  also give a 25-4& increase i n  the  r e s in  
strength.  
can be expecced t o  average 400--b50 ps i .  

Thus the t ens i l e  s t rength  of a modified 4% ET-400-9 coated Nugent sand 

A f i e l d  t e s t  of t he  ET-400-9 r e s i n  as 2 s h e l l  molding binder has been attempted 
at a malleable i ron  foundry. The r e s in  used i n  t h i s  t e s t  was one of t he  e a r l i e r  
~ ~ - 4 0 0 - 9  formulations preadvanced t o  28.5%. The performance of the  r e s i n  i n  the  
coating of the Nugent sand i n  720 pound batches was good. 
inck:ss i n  s i ze  were fabr ica ted  at  a pa t t e rn  temperature of 500°F., investment time 
of 34 seconds, and cure time of 50-60 seconds. 
inch s h e l l  molds being e jec ted  from the  pa t t e rn  after cure. 
castings weighing 11 pounds a piece were successfully c a s t  without ady major metal 
breakouts. 
t e n s i l e  strength.  Tensile bars prepared from t h i s  coated sand gave an average 
t e n s i l e  s t rength  of 170 ps i .  
some 400 p s i .  strength on Nugent sand may give the  needed addi t iona l  s t rength  f o r  
a completely successful commercial t e s t .  

S h e l l  rnolds of 20 x 50 

Figure 4 shows one of the  20 x 50 
Approximately 25 

The major point f o r  improvement appeared t o  be the need f o r  increased 

The a b i l i t y  of t h e  newest ET-400 formulation t o  give 

C. Shell Core Properties 

Acceptable commercial hollow s h e l l  cores ( 2 5  inches i n  length and 2 i5  inches 
i n  width) have been fabr ica ted  on a Shalco core blowing machine using a 5 .5$  ET- 
400-9 coated Wedron sand, The r e s in  had been advanced t o  28.$ es t e r i f i ca t ion .  
She l l  cores with exce l len t  hardness (90 on Dietert Tes t e r ) ,  d e t a i l  and s t rength  
were prepared a t  600'~. w i t h  an investment time of 3-15 seconds and cure time of 
1.5-2.0 minutes. These conditions correspond t o  cure conditions used with a 
commercial phenol-formaldehyde r e s in  coated h igh  s i l i c a  sand. 

Core Binders 

The foundry indus t ry ' s  i n t e r e s t  i n  improved core  binders has encouraged the  use 
of t he  urea formaldehyde and phenolic formaldehyde r e s ins .  Pr inc ip le  use of the  phenolic 
r e s in  i n  so l id  foundry cores has been l imi ted  mostly t o  s t e e l  cores.  The need f o r  a 
more hea t  r e s i s t a n t  binder f o r  s t e e l  cores has l imi ted  the  r e s i n  t o  a phenolic type. 
The cheaper urea formaldehyde type r e s i n  f inds  wide use i n  the  nonferrous and fe r rous  
type foundries.  Both res ins  a re  used i n  conjunction with various ce rea l  f l ou r s  and core 
o i l  binders.  

Preliminary da ta  ind ica tes  t h a t  severa l  of the  coa l  acid type r e s ins  may f ind  
u t i l i t y  i n  foundry cores. 
been prepared from an O t t a w a  AFS 60 sand bonded v i t h  1.e ET-400-9, I..@ Mogul B 2 i 1  
f l o u r  and 5$ w a t e r .  Core mixes of t h i s  type have been successfully core blown with 
commercial machines. 
paper also suggests the possible use of these  i n  the core binder appl ica t ion .  

Spec i f ica l ly ,  cores with t e n s i l e  strengths of 570 ps i .  have 

The t e n s i l e  da ta  of other coa l  acid r e s ins  given i n  the  preceding 

Preparation of br ique t tes  from a moist r e s in  coated sand and allowing the  br ique t tes  
t o  stand a t  room temperature leads t o  the  development of considerable green strength.  
This green s t rength  is  the  r e s u l t  of the  a i r  drying of the  r e s i n  film t o  give a "dry" 
water p l a s t i c i zed  r e s i n  f i l m  surrounding and bonding each sand pa r t i c l e .  
amine r e s i n  adduct f o r  example, y ie lds  an optimum s t r eng th  of 525 ps i .  a t  a 6% r e s in  
concentration while @ of  the  diethylenetriamine adduct gives a green s t rength  of 
240 p s i .  a f t e r  only 20 hours at  room temperature. 
a l so  be  of i n t e r e s t  i n  sand core fabr ica t ion .  

CONCLUSIONS : 

The diethanol- 

This green s t rength  property could 

Increasing foundry i n t e r e s t  i n  new synzhetic thermosetting sand binders has opened 
markets f o r  r e s i n  binders t h a t  have new and improved phys ica l  p roper t ies .  
sand binder for t h i s  purpose may be derived f r o m  the  oxidation products of bituminous 

A new t;rpe of 
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coal.  
alkanolamine, polyhydroxy1 o r  polyamine reac tan t .  

Spec i f ica l ly ,  thermosetting r e s ins  may be prepared from these  coa l  ac ids  and an 

The coa l  acid - pentaery thr i to l  r e s in  (ET-400-9) preadvanced t o  lJ-l@% e s t e r i f i c a t i o n  
i s  of pa r t i cu la r  i n t e r e s t  in s h e l l  molding work. A 13-18$ preadvancement w i l l  produce 
a f r ee  flowing sand with optimum tens i l e  strength.  Experimental s h e l l  molds have been 
prepared with t h i s  ET-400-9 r e s i n  at  a pa t te rn  temperature of 450-50G°F., investment 
time of 15 seconds and cure tiffie of 40-60 seconds. Both high s i l i c a  content sands and 
bank sands have been used i n  the  s h e l l  mold fabr ica t ion .  
515 ps i .  of t e n s i l e  s t rength  can be expected with a medium f i n e ,  unwashed Sank sand. 
The addition of a sur fac tan t  t o  the r e s in  increases the s t rength  of the  r e s in  bonded 
bank sand t o  400 p s i .  
t ens i l e  s t rength  t o  795 ps i .  

A t  a 48 r e s i n  concentration 

Use of a f i n e ,  washed high s i l i c a  content sand increases the  

One attempt t o  use ET-400-9 as a commercial s h e l l  molding binder indicated t h a t  
a somewhat grea te r  t ens i l e  strength is necessary. 
advancement nay afford the needed s t rength  improvement. Tensile strengths of t he  
ur ig ina l  r e s i n  bonded sand were 170 p s i .  a s  compared t o  the  later t e n s i l e  s t rengths  
of 4C0 m i .  (contains 0.2% sur fac tan t ) .  Commercial s h e l l  cores have a l so  been 

A new formulation with only l5$ 

. .  
fabricated with ET-400-9. 
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Figure 1 
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A ?lass Spectrometric Study of the Carbon-Carbon Dioxide Reaction 

I P.J. Vastola  and P.L. Walker, Jr. 
Fuel Technology Department, The Pennsylvania S t a t e  Universi ty  

Univers i ty  Park, Pennsylvania 

INTRODUCTION 

Carbon dioxide can r e a c t  with carbon to form carbon monoxide. This  i s  a 
r e v e r s i b l e  reac t ion  which can be represented by t h e  equat ion 

c + co, 2 2 co . 
Factors  such as the  type of  carbon used and the  impur i t ies  present  in t h e  carbon 
can d r a s t i c a l l y  a f f e c t  t h e  rate of t h e  reac t ion .  

There have been a number of  mechanisms proposed f o r  t h i s  reac t ion  (1-10)~ 
Most of these  mechanisms p u s t u l a t e  t h e  fonnat iun of a sur face  oxide o r  complex a s  
an intermediate  s t e p  i n  t h e  reac t ion .  There is some agreement that the sur face  
complex does not e x i s t  a t  temperatures  above 800°C. and, hence, does n o t  p l a y  an 
important role i n  the  r e a c t i o n  c a r r i e d  o u t  a t  higher  temperatures. 

I n  order  to i n v e s t i g a t e  t h e  carbon-carbon dioxide reac t ion  wlth 
p a r t i c u l a r  emphasis on t h e  role of any sur face  oxide intermediate ,  c e r t a i n  f a c t o r s  
must be considered. Since t h e  s u r f a c e  oxide is  bel ieved t o  b e  unstable  a t  temper- 
a t u r e s  g r e a t e r  than 800°C., the  r e a c t i o n  should b e  c a r r i e d  o u t  a t  temperatures a s  
much below t h i s  po in t  as poss ib le  i n  order  to maximize the  p r o b a b i l i t y  of sur face  
oxide formation. 
i s  r e l a t i v e i y  small (approxfmately 1 0  micromoles p e r  square meter f o r  carbon 
monoxide as the adsorbate  (11) ) .  Therefore, the r e l a t i v e  change i n  pressure  
r e s u l t i n g  from t h e  formation of a given amuunt of sur face  complex can be maximized 
by opera t ing  at  low pressures .  A s u f f i c i e n t  number of  the  r e a c t i o n  v a r i a b l e s  have 
t o  b e  measured t o  be ab le  t o  compute a complete m a t e r i a l  balance throughout the 
progress  o f  the react ion.  Furthermore, the measuring system has t o  be s e n s i t i v e  
enough t o  d e t e c t  small amounts of r e a c t i o n  i n  order  t o  minimize the  e f f e c t  of  
changing sur face  area during t h e  course  of the  reac t ion .  

For t h i s  inves t iga t ion ,  carbon was reac ted  with carbon dioxide a t  
tanpera tures  from 4oOoC. t o  700°C. and a t  s t a r t i n g  pressures  from 2 .7  t o  16 
microns of  mercury. 
Gf carbon dioxide and carbon monoxide using a mass spectrometer. 
of  the  mass spectrometer was s u f f i c i e n t l y  g r e a t  to d e t e c t  sur face  coverages of 
0.01 per  c e n t  and reaction of 0.001 per  cent  of  the carbon i n  t h e  system. 

The amount of gas necessary t o  completely cover  a carbon sur face  

The r e a c t i o n  w a s  followed by monitoring the p a r t i a l  p ressures  
The s e n s i t i v i t y  

APPARATUS AND EU'KRIMENTBL pBocED[IKE 

Figure 1 shows a schematic p i c t u r e  of  t h e  l ow pressure  reactor. The 
tubing in the systent is It inches i n  diameter; t h e  volume of t h e  system is 16.6 
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l i ters.  
convection w i l l  a i d  i n  the mixing of the r e a c t i n g  gases. The system can be 
evacuated to  pressures  of 10-5 mm. Hg using an o i l  d i f f u s i o n  p m p  which-is 
connected t o  t h e  r e a c t o r  by stopcock SI. 

The fused s i l i c a  r e a c t o r  tube i s  set a t  a n  angle  of 45' so that thexmal 

There are t h r e e  pressure  Leasuring devices  - an ion iza t ion  gauge, 
a thermocouple gauge and a McLeod gauge. Since the  mass spectrometer measures 
p a r t i a l  p ressure  of a l l  gases present ,  i t  a l s o  can be used as a pressure measuring 
device. 

The r e a c t i o n  system can b e  i s o l a t e d  fmm the mass spectrometer by 
stopcock S,. The r e a c t i o n  gases are admit ted to  the r e a c t i o n  system through 
stopcocks S, and S3. 

The carbon sample i z  placed i n  a 1 x 5 cm. fused s i l i c a  tube sea led  a t  
one end. The sample conta iner  can be lowered i n t o  the  r e a c t i o n  tube through a 
sample por t  i n  the upper p a r t  of the apparatus .  The sample conta iner  rests on a 
fused s i l i c a  tube, which extends upwards from t h e  bottom of the  reac t ion  tube. 
This support tube a l s o  contains  a chromel-alumel thermocouple. The cap f o r  the  
upper p o r t  i n  the  r e a c t o r  conta ins  a Pyrex o p t i c a l - f l a t  window through which t h e  
sample can be observed. 

The sample i s  heated by a 1 KW tube furnace which surrounds t h e  reac t ion  
tube. 
by the thermocouple i n  the sample support tube, i s  regula ted  by an automatic 
cont ro l le r - recorder .  

The furnace i s  82 inches long. The temperature of  the  furnace, a s  ind ica ted  

The mass spectrometer has been modified so t h a t  t h e  r e a c t o r  can be 
d i r e c t l y  connected to the  i n l e t  l eak  of the  spectrometer  analyzing tube. Under 
the condi t ions used i n  t h i s  inves t iga t ion ,  the  spectrometer  bled off less than 
two per  cent  of the  t o t a l  gas present  during the  course  of a run. 

A programmed magnetic f i e l d  c o n t r o l l e r  was cons t ruc ted  to enable t h e  
mass s ectrometer  t o  s e q u e n t i a l l y  monitor the mass 44 (C0,f) ion  beam and t h e  mass 
28 ( C O  ) ion beam every 15  seconds. P 

In o r d e r  t o  determine t h e  time cons tan t  of the  analyzing system, t he  
r e a c t o r  was f i l l e d  with carbon monoxide t o  a pressure  of 8 microns of mercury; 
and a 5 per  cent  increment of carbon dioxide w a a  admit ted i n t o  the  reac tor .  By 
a d j u s t i n g  the mass spectrometer  t o  monitor mass 44 (CO,+), the  time taken f o r  the 
4ir peak t o  reach a s teady  s t a t e  gives  an idea of the  rate of  d i f f u s i o n  and mixing 
of the  gases  i n  t h e  reac tor .  It w a s  found t h a t  the response of the  Spectrometer 
was p r a c t i c a l l y  instantaneous,  with a s teady  state value obtained within 5 seconds. 

The carbon used f o r  t h i s  i n v e s t i g a t i o n  was a highly  ground s q l e  of  SP-1 
spectrographic  graphite*. The spectrographic  g r a p h i t e  was ground** f o r  16 hours 

* The unground SP-1 sample was suppl ied by t h e  National Carbon Cmpany. 

The SP-1 sample was ground through t h e  cour tesy  o f  M r .  S.B. Seeley of the 
Joseph Dixon Crucible  Company. 



in a vacuum ball mill in =der tu i n c r e a s e  i t s  surface area, as descr ibed r e c e n t l y  
by Walker and Seeley (12). A f t e r  gr inding,  the area of the g r a p h i t e  wear dus t  was 
560 u ~ . ~ / p .  'rhe grinding process introduced a. 5 per cent  im into the sample. 

The carbon sample was heated t o  a temperature of 850°C. in vacuum f o r  
3 hours p r i m  t o  a h  m. 
t h e  hea t ing  of t h e  sample et t h e  end of  each nm were a r e s u l t  of the reaction and 
M t  the  p a s t  histuzy of the carbon. 

This pretreatment  insured that t h e  gases  evolved upon 

BeSULTS AND DISCUSSION 

Figure 2 s k m  t y p i c a l  data obtained from the  mass spectrometer during 
h iun. This  f i p r e  i l l u s t r a t e s  how che s p ~ c c r ~ m e t e r  i s  c a l i b r a t e d  f o r  u r b m  
monoxide,and carbon dioxide j u s t  p r i o r  t o  and immediately a f t e r  thE r e a c t i o n  
period. Alsu i t  s k m  removal of the  sur face  c m ? l e x  as carbon monoxide upon 
outgassing t h e  sample fol lowing the reac t ion .  

Figure 3 presents the  r e s u l t s  of t h i s  nm after data reduct ion.  The 
reac t ion  r a t e s  could be dupl ica ted  to wi th in  5 per  cent  Ln runs at :he saine temper- 
a ture .  It was  found :hat the rate of carbon monoxide formation vas s l i g h t l y  l e s s  
than t v i c e  the r a t e  of  carbon d ioxide  consmptron. This depar ture  from a tcpo to 
one r a t i o  involves  a small m o u n t  of  carbon monoxide " t ied"  t o  t h e  sur face  of 
the  carbon sample. This complexed carbon mnox ide  co-uld be recovered by heat ing 
the carborr i n  a vacuum at higher  cemperatures a f t e r  the run. 

Figure 4 shows t h e  p l o t s  of log carbon dioxide concentrat ion versus tw 
for :he reac t ion  over  the temperature range 400" t o  7@OoC. The experimeztal data 
very closely follow a 1- func t ion  throughout t h e  course of the reaction at al l  
temperatures. This i n d i c a t e s  t h a t  the rate of reac t ion  o f  Larbor, dioxide i s  f i r s t  
o rder  with respec t  to t h e  c a r b n  d ioxide  pressure  throughout the  entire reac t ion  
a t  a l l  tenrperatures imres t iga ted .  

With t h e  experimental condi t ions  used in this inves t iga t ion ,  two f a c t o r s  
c ~ z n  h f f e c t  the r e a c t i o n  rate, chemical r e a c t i v i t y  and the  rate of d i f f u s i o n  5f t h e  
reaccing gas  through rrhe unconsolidaLed carbon sample. IJhen &he rate of d i f fus ion  
i s  large compared t o  the  rate of chemical reac t ion ,  t h e  l a t t e r  w i l l  canple te ly  
cont ro l  che over -a l l  rate af reac t ion .  Under these  condi t ions the  rate of 
reac t ion  p e i  u n i t  sur faca  area w i l l  no t  be a f f e c t e d  by v a r i a t i o n  i n  sample size.  
However, i f  the  rate of chenicz l  reacrrion is g r e a t e r  than the  rate of i n t e r n 1  
d i f fus ion ,  an i n c r e a s e  in  weight of  sample reac ted  will not have a proport ional  
e f f e c t  on che over -a l l  rate of reac t ion .  
u n i t  sur face  area will decrezse. 
sur face  area varied with weight  of sample reacted.  

Therefore, the  r a t e  of r e a c t i o n  per 
i t  was found that the rate of reac t ion  per u n i t  

Table 1 gives t h e  rate constants* f o r  the decrease i n  carbon d icx ide  
pressure  with time per mit s u r f a c e  area versus the sample s i z e .  

* 
where only a small amount of  the t o t a l  gas i s  heated,  t h e  rate d a t a  obtained should 
be normalized to  a cons tan t  concent ra t ion  b a s i s ,  - For .tKs - invest igat ion;  i ? . 7 a ~ -  
Was taken as t h e  s tandard temperature. 
were mul t ip l ied  by t h e  r a t i o  of t h e  temperature of the  reaction to t h e  s tandard 
temperature i n  degrees absolu te .  

I n  a cons tan t  press.iire r e a c t i o n  system o r  a constant v o l m e  r e a c t i o n  system 

Therefore, the  experimental rate constants  



-127- 

TAELE 1 

EFPECT OF TOTAL SURFACE AREA OF GRAPHITE WlUR DUST ON TKE 
WZl% CONSTANT FOR THE DECREASE IN CARBON DIOXIDE PRgSSIlBB IN 

THE REACTION C + CO, + 2 CO 

Tempe ra'ature 
OC. 

400 

500 

-1 -2 6 Rate Constant .k ,  sec. m. x 10 

53 m., Surface Area 133 Surface Area 

1.21 

28.7 

~. 

1.12 

23 .6  

650 116.. 7 89.0 

From Table 1 i t  can be seen that as t h e  r e a c t i o n  temperature decreases  the rate 
constant  becomes less dependent on t h e  sample s i z e .  This i n d i c a t e s  t h a t  t h e r e  was 
some d i f f u s i o n  c o q t r o l  throughout most of t h e  temperature range inves t iga ted ,  wi th  
chemical c o n t r o l  --almost complete below ca, 450°C. 
the a c t i v a t i o n  energy approaches a v a l u e  of 38 kcak./mole. 

, 
A t  the  lower tsmperatures, 

F igure  5 shows t h e  per  c e n t  o f - t h e  carbon s u r f a c e  t h a t  was covered by 
complex a t  t h e  end  o f  a r e a c t i o n  versus  r e a c t i o n  temperature. 
the amount of  complex formed increases  to a maximum i n  the 600°C. region and then 
rap id ly  decreases .  
Figure 2. 
complex which has  been formed is q u i t e  stable u n t i l  t h e  carbon i s  heated t o  
temperatures g r e a t e r  than 600°C. The temperature a t  which the complex was formed 
was found t o  have l i t t l e  e f f e c t  upon i t s  s t a b i l i t y .  

It can be seen that 

The reason f o r  t h i s  t rend  i s  apparent  when one r e f e r s  to 
It is noted t h a t  i n  t h e  outgass ing  of  the  sample following a run, the  

The carbon monoxide sur face  complex could  be formed a s  a product of the  
carbon dioxide react ion.  

c + co, + co + C(0) 
or  i t  could b e  due t o  the  chemisorption of carbon monoxide on t h e  sur face  of the  
sample, 

co -9 (CO) . 
Here C(0) r e p r e s e n t s  a complex formed upon r e a c t i o n  of CO,, while (CO) r e p r e s e n t s  
chemisorbed carbon monoxide. By exposing the  carbun s u r f a c e  t o  carbon monoxide, 
the rate of chemisorption can be s tudied .  It was found that the  r a t e  of chemi- 
sorp t ion  increased  to a maximum around 600°C. Table '2 shows t h e  amount of 
carbon monoxide chemisorbed a t  600'C. f o r  var ious  pressures  and lengths  of time. 
The coverage of  0.125 p e r  cent  of the  sur face  in t h r e e  days i n d i c a t e s  chat  o n l y  
a small f r a c t i o n  of the to ta l  sur face  w i l l  chemisorb carbon monoxide. The 
r e l a t i v e l y  small d i f f e r e n c e  between the amount of sur face  coverage at a p r e s s u r e  
of 2 . 7  microns of carbon monoxide f o r  30 minutes and a 24 micron pressure  of  
carbon monoxide f o r  3 days i n d i c a t e s  t h a t  the m a j o r i t y  of this small area is  
rap id ly  s a t u r a t e d  w i t h  c h d s o r b e d  carbon monoxide. The chemisorbed carbon 
monoxide could  b e  recovered by hea t ing  t h e  carbon c0 temperatures g r e a t e r  than 
600'C. 
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30 min. 

3 days 
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-Since the chemisorbed carbon mono;ride e x h i b i t s  the same c h a r a c t e r i s t i c s  
as the complex formed during the  carbon dioxide react ion,  i t  appears t h a t  the 
complex is  chemisorbed carbon monoxide. 
and does not  play a role i n  t h e  mechanism of the conversion of carbon dioxide t o  
carbon monoxide. 

This chemisorption i s  a s i d e  reac t ion  

It is r e c a l l e d  that, a s  a r e s u l t  of the gr inding process, t h e  carbon 
sample used i n  t h i s  i n v e s t i g a t i o n  contained ca.  5 per  cent  i ron.  A ground sample 
from which the i r o n  w a s  removed d i d  not  chemisorb any measurable amount of carbon 
monoxide. The i r o n  had a very s t r o n g  c a t a l y t i c  e f f e c t  on the  r e a c t i v i t y  of  the 
carbon. The "iron-free ' '  sample had to  be heated ca. 300°C. higher  than t h e  
"iron-containing' '  sample i n  o r d e r  t o  obta in  a comparable r e a c t i v i t y .  Although the 
experimental da ta  i n d i c a t e  t h a t  t h e  carbon dioxide i s  converted to carbon monoxide 
w i t h  no measurable build-up of  any intermediate  products, the  g r e a t  d i f fe rence  i n  
r e a c t i v i t y  between the o r i g i n a l  " i ron-containing" sample and t h e  " i ron-free"  sample 
i n d i c a t e s  t h a t  the  i r o n  must play an  important r o l e  in t h e  reac t ion  mechanism. 

A possible  mechanism by which t h e  i ron  could c a t a l y z e  the  r e a c t i o n  wrmld 
be, 

J CO, + x Fe 2 Fe 0 

F ~ o  + y ~  Z X F ~ + ~ C O  . (2) 

$. y CO (1) 
X Y  

X Y  

Both s t e p s  one and tvo i n  t h i s  mechanism a r e  r e v e r s i b l e  reac t ions .  The equi l ibr ium 
cons tan t  of s t e p  ohe is pressure  independent and iS!T!Yproximately one f o r  th'e range 
of  temperatures used i n  t h i s  i n v e s t i g a t i o n .  Step two is a pressure dependent 
r e a c t i o n ;  o p e r a t i o n a t  low pressures  o f  carbon monoxi& favors  the reduct ion of  the  
i ron .  I f  the  rate of t h e  forward r e a c t i o n  i n  s t e p  two i s  s u f f i c i e n t l y  f a s t  to 
prevent  a s i g n i f i c a n t  build-up of iron oxide, the rate of  the  back reac t ion  i n  s t e p  
one would be small. Under these condi t ions ,  only the  forward reac t ions  of s t e p  one 
and ttm w u l d  play an important  role i n  t h e  over -a l l  r e a c t i o n  scheme. 

/, ' 

1 
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FIGURE 3 -TYPICAL REACTION CURMS 
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FIGURE 4 - REACTION CURVES FOR .GROUND SP-l GRAPHITE 
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Not f o r  Publication 
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The Impurities i n  an Acid-Washed lo Coke-Oven Benzene. 
Concentration of  Impurities by progressive Freezing 

C. F. Click, A. J. Miskalis, and T. Kessler 
Applied Research Laboratory 

United S ta tes  Steel Corporation 
Monroeville, Pennsylvania 

A knowledge of the inpur i t ies  in an ac id  refined 1" coke-oven benzene 
w a s  required f o r  the log ica l  selection of  methods f o r  t h e  purif icat ion of this 
product. Surprisingly l i t t l e  def ini t ive information i s  available on the impuri- 
t i e s ,  other  than thiophene and carbon disulf ide,  i n  ref ined coke-oven benzene. 
Stinzenddrfer (14)* reported that  naphthenes of the  met-hylcycloheexace type pre- 
vai led i n  a residual  gasoline *action obtained i n  the pur i f ica t ion  of European 
coke-oven benzene. Anderson and Engelder ( 6 )  prepared a sample of saturated non- 
benzenoid hydrocarbons from nitration-grade coke-oven benzene by fractionaL crys- 
t a l l i z a t i o n  and f rac t iona l  adsorption. From the condensation temperatures and re- 
f rac t ive  indexes of the fract ions obtained by e f f i c i e n t  d i s t i l l a t i o n  of this sample, 
they infer red  the presence of  cyclohexane; methylcyclohexane; 3-metiylhexane and/or 
3-ethylpentane; n-heptane and/or 2,2, b t r imethyl  pentane; 1 , l -d imet iy lcyc lopntane ;  
and trans-l,2-dimethylcyclopentane and/or trans-1,3-dimethylcyclop=atane. A small 
concentration of toluene w a s  detected, and appreciable concentrations o f  unsatu- 
ra ted impurities were &so indicated. They estimated t h a t  t h e  or iginal  n i t ra t ion-  
grade benzene contained 0.6 volume per  cent saturated aonbenzenoid hydrocarbons, 
0.004 volume per cenr, toluene, and 0.1 volume per cent unident i f ied components. 

Anderson, Jones, and Engelder ( 7 )  examined the recycle material f r o m  the 
ca ta ly t ic  e thylat ion of ref ined coke-oven benzene by the same methods. Any or  all 
of the following paraff ins  and naphthenes were possible: 2,2-dimethylbutane; 2, 3- 
dimethylbutane ; 2-me thylpent me; 3 -me thylpentane; n -hexane ; 2,2-diae thylpentanp ; 

,2,4-dimethylpentane; 2,2,3-trimethylbutane , 3,3-dimethylpentane; 2,3-&methylpentane; 
2-methylhexane; 3-methylhexme; 3sthylpentane; n-heptane; 2,2,4-trimethylpentane; 
cyclopentane; methylcyclopentane; cyclohexane; 1,l-dimetnylcyclopentae; t rans  -1,3- 
dimethylcyclopentane; trans-1,2-dimethylcyclopentane; cis-l,2-dimethylcyclopenta; 
cis-l,3-dimethylcyclopentane; and methylcyclohexane. Bowever, the authors obse-rved 
t h a t  some lower-boiling paraff ins  (2-methjrlpentane, 3-methylpentane, and n-hexane ) 
appeared t o  have been introduced during the ethylat ion process; while most of the  
naphthenes (except cyclohexane) i n  the or ig ina l  benzene ap-Eared t o  have been 
largely removed. In addition t o  this serious objection, t h e  iriaerent l imitat ions 
of  the methods employed i n  both studies by  Anderson and his associates make it 
v i r tua l ly  ia-possible, without prohibitive e f for t ,  t o  prove conclusively tht any 
par t icu lar  compound i s  present and t o  measure i t s  concentration accurately. 

K i m u r a  and Yasui  (U)  ident i f ied  methylcyclohexane and 2,2,4-tri.methyl- 
pentane i n  the  residue f'rom the commercial chlor inat ion o f  benzene. 

In the  present work, the conponents of v i r t u a l l y  the en t i re  impurity con- 
t e n t  of  a conventionally acid-washed 1' coke-oven benzene have been ident i f ied  
positively, and t h e i r  concentrations have been rceasured. 

* See References 

\ 
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Apparatus 

A Ferkin-Elmer Model 154-B Ractometer, equipped with a precision tem- 
perature controller,  w a s  used f o r  the gas-liquid chromatographic separations. 
Samples were introduced by wans of Perkin-Elmer c a b r a t e d  capillary pipets. 
following columns were used: 

The 

(1) Two 2-meter by 0.25-inch-diameter stainless-steel-tuoing 
columns of Perkin-Elmer Corporation "A" material (didecyl- 
phthalate on C e l i t e  545, proportions unknown). 

A 25-foot by 0.375-inch-diameter copper-zubing c&mn of 
polypropylene glycol 2025 (Union Carbide Chemicals Company) 
on 30-60 mes$ Fisher Coluim Packing i n  the proportiom 
3 : 6 9 .  

(2)  - 

(3)  A 40-foot by 0.375-inch-diameter copper-tubing columr of 
a m i x t u r e  of  0- and p-benzylbiphenyls OIL 30-60 mesk 
Burrell  Ine r t  Carrier i n  the proportions 24:76. 

The mass spectrometric analyses were performed with a Consolidated Model 
U-lOX mass spectrometer. 

Reagents 

A l l  of the pure compounds f o r  ca l ibra t ion  of the gas chromatograph and 
the mass spectrometer were e i the r  standard samples from the American Petroleum 
I n s t i t u t e  o r  research grade materials from the Phi l l ips  Btzoleum Company. 

The benzylbiphenyl w a s  prepared by the procedu--e o f  Goldschmiedt (10).  
The par t icu lar  sample of benzylbiphenyl that w a s  used as  the stationary phase in 
gas-li%uid chromatography was a mixture of predominantly the 0- with the g-isoner, 
with a c r y s t d l i z i n g  point of approximately 65". 

Procedure 

The benzene selected f o r  t h i s  study of impurities was a t m i c a l ,  refined, 
1" coke-oven benzene, from the high-temperature carbonization of bituminous c o d  
i n  modern by-product ovens. This benzene was produced by washing crude benzene- 
toluene-wlene mixture from coal-tar l i g h t  o i l  with 66" %me s u l f w i c  acid i n  the 
conventional manner, neutralizing, and d i s t i l l i ng .  The benzene 3ad a t o + d  a s -  
t i l l a t i o n  range ( 2 )  of 79.8 - 80.4 C. I t s  freezing point ( 3 )  was 5.07" C,  and i t s  
pur i ty  ( 4 )  w a s  99.30 mole per cent. 
combustion procedure, w a s  177 ppm. I t s  thiophene content, determined by the i s a t i n  
method, was  444 ppm. 
acetate method w a s  0.36 ppm. I t s  bromine index by the proposed ASM potenTiometric 
t i t r a t i o n  aethod was 1.8, which corresponds t o  0.00088 mole per cent olefin,  i f  
it i s  assumed tha t ,  a t  worst, all the bromine reacted on an equixolar basis with 
olefins,  and that none reacted with the thiophene. 
so low that this benzene can be considered t o  be  vlrt-y olefin-free.  

I ts  t o t a l  sulfur content, determined by a 

I t s  carbon d isu l f ide  content by the die-i,hylaine-cuprlc 

'Ipnis m a x i m a m  o le f in  content i s  

P ~ l i m i n a r y  gas-liquid chromatographic examination of the refined 1" 
benzene showed that the concentrations of some of the  impuzities were so smaJJ. t h a t  
they must be enhancad t o  permit c s r t a i n  identification. 
first introduced the method of' progressive o r  s low fractional. I-ezing f o r  the 
pur i f ica t ion  o f  materials, l i k e  benzoic acid, that freeze above room t e m p e r a t m e .  
Dickinson and Eaborn (9 )  adapted the method t o  the pur i f ica t ion  o f  materials, Like 
benzene, that freeze below room temperature. 

Schwab and Wickers (13) 

The principle of e i the r  version of 
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t h e  method i s  the  slow advancemnt of the solid-liquid in+&rface in to  the l i qu id  
phase. T h i s  advancement m u s t  be so slow that tlle-re i s  ample oppolctunity fo r  im-  
pu r i t i e s  t o  be re jec ted  by the freezing so l id  in to  the remining  l iquid.  
m o s t  of the semple has frozen, the remainlng impure l i qu id  ces  be removed mechani- 
cally, and the pur i f ica t ion  has been effected. 
apparatus and very l i t t l e  ef for t .  
t ha t  needed fo r  a c a r e m  
handled. 
ple is  asserted t o  be superior to zone melting involviCg a single zone. 

When 

This process requlres very simple 
The time r e q u i x d  compares very favorably with 

f rac t iona l  d i s t i l l a t i on ,  and quite sma-U samples can be 
The efficiency of the pur i f ica t ion  i s  impressively high, and the princi-  

If thls process can be used t o  purif'y a material, then, by the same token, 
i t  can be used t o  concentrate the impurities from that material. To test thls 
argument, par t  of Dickinson and,Eaborn's work was repeated as follows: Approxi- 
mately 20 m l  of thiophene-free ACS-specification benzene was placed i n  a glass- 
stoppered t e s t  tube,  14  millimet2rs i n  in te rna l  diameter, 140 mm i n  length below 
the tubulure, and approximately 22 m l  i n  volume. This tube, suitably counter- 
weighted, w a s  lowered by a miniature windlass (driven by an e l e c t r i c  clock motor, 
1 revolution per hour) at a r a t e  of 3 cm per hour in to  an ice-water bath maintained 
at constant level.  
touched b r i e f ly  with a small piece of dry i ce  to  start  c rys ta l l iza t ion  and avoid 
supercooling. Approximately 90 per cent of the s q l e  was frozen arter 3 hours. 
The l iqu id  10 per cent was withdrawn with a hypodermic syringe, the so l id  was melted, 
and the process was repeated mtil  s i x  freezings had been p e r f o m d .  
material, the six l i q u i d  portions withdrawn, and the f i n a l  pwifLed material were 
all subjected t o  gas-liquid ck-omatographic anaLysis on the Perk in -Ebr  "A" column 
a t  80.5" C. 
displayed s i x  impurity peaks, which were 1.13, 1.50, 4.26, 4.50, 2.17, and 6.04 
times as large as the correapocding peaks i n  tbe chromatogram of the or2glnal ben- 
zene. For each l i qu id  portion withdrawn after each successive freezing, the Fm- . 
purity peaks became smaller. T h e  pur i f ied  m a t e r i d  l e f t  after the sixth m e z i n g  
was pure benzene by this test; there were no impurity p%.ks whatever i n  i t s  chroma- 
togram. Dickinson and Eaborz's preparation of pure benzme was therefore confirmed, 
and the application of their tec-hnique t o  the preparation of concentrated impurities 
i s  valid. Some time a f t e r  t h i s  work w a s  done, Matthews and Coggeshall (12) a l s o  
demonstrated the application of progressive freezing t o  the concent?ation of  h- 
pur i t i e s  from organic compounds. 

A t  the beginning of the experiment, the  t i p  of the tube was 

T b  s t a r t i ng  

The chronatogram of the l i qu id  withdrawn a f t e r  the f i r s t  freezing 

One obvious ex'xnsion of the progressive-f?=eezing technique i s  i t s  
application i n  cascade.. For t M s  p rpose ,  a large glass-stoppered test tube (27 
mm in internal. diameter, 380 m i n  length below the tubulure, approximately 230 m l  
in  v-olume) was substitu-%d f o r  t b i  smdller txst tube. 
weighted, could be lowered in to  an  ice-water bath, maintained a t  constant level,  
by the same windlass arrangement a t  5 centimeters per hour. Approximately 90 per 
Cent of a 200-ml sample of the refined 1" coke-oven benzene was progressively 
frozen i n  t h i s  appL-atus i n  8 kours. The remaining 20 d of l iqu id  ( "10 per cent 
Off, first pass, f i r s t  freezing") was withdram by, syringe and subjected t o  another 
progressive -3eezing in the smzller test  tube. @in  90 per cent was frozen and 
the remeining 2 m l  of l i qu id  ("10 per cent off,  f i r s t  pass, second freezing" o r  
"concentrated Impurit ies") vas Mthdrawn. 
10 per cent portions wltndrawn i n  the f i r s t  and second freezings were chromatographed 
on the  polypropylene glycol 2025 column a t  Ulo C. 
Figure 1, show the increases i n  concentrations of impurities that are achieved by 
cascade operation, 
v e r t i c d l y  from each other t o  a s l igh t  extent f o r  t h e  sake of c laz i ty .  
c i rc led  nuhers  designate the vzrious peaks. The attenuat2on facfors are marked 
neap the  peaks. In Table I, t i e  heights of the eas i ly  measurable impurity paks 
i n  these three chromatograms are tabulated. 
threefold increase i n  most of the peaks; the se-ond m e z i n g  p-rodwed a nearly 

T h i s  tube, suitably counter- 

% or ig ina l  refined 1" benzene and the 

The r e s d t i q  chromatograms, 

In this figx?.?., the three chromatogram have been displaced 
The en- 

The f i r s t  -Freezing produced a two- to 

. .  
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twofold increase over  the Mrs t .  
m a t e l y  a fivefold increase i n  most of the  peaks. The cascade nethod ;ns therefore 
adopted fo r  the production of "concentrated impurities" from the refined 1" benzene. 

Cascade operation therefore p-mduced approxl- 

In  view of the extremely s m a l l  concentrations of sow of the impurities 
i n  the refined 1" benzene, ali the quali tative analyses vere performed on t h e  con- 
centrated impurities. The benzylbiphenyl column, originally described by & s t y  
and Whyman (8), was used fo r  all the gas-liquid chromatopaphie separations, be- 
cause of i t s  s u p r i o r  resolving power f o r  aromatics +nd -paraffins. ' k i s  colunn 
w a s  operated a t  12.L" C, and 500 P (nominal) of szmple w a s  introduced. 
chromatogram i s  shown in Figure  2. The very l a rge  sample vol?une was used t o  supply 
detectable amounts of t he  ininor impurities, such as those i n  pe&s 1 and 6. 
obtain additional information t o  supplement the chromatogr;rephLc data, so that 
qual i ta t ive  ident i f ica t ions  could be made - d t h  certaintg,  each ~ a k  i n  the cbma-  
topam was collected i n  a t r ap  cooled i n  l i qu id  nitrogen. The con-cnts of eech 
t r ap  were then analyzed by mass spectrometry. In each case, the mass spectrum of 
the concents of the t r ap  w a s  first corrected for the veFj s m a l l  contribution o f  
the "column blank"--the very s m a l l  amount of the stationary phase and/or i t s  d e -  
composition products t h a t  is vaporized constantljr from the chromatograpkdc columr 
and i s  caught i n  the t r ap  when it i s  cooled. The hydrocxbon-type analysis de- 
velolsed or ig ina l ly  by Brown ( 5 )  was next applied t o  each mass spectrum t o  f a c i l i t a t e  
i t s  i r te rpre ta t ion .  When the r e l a t ive  retention volume for a ckromatogaphic y a k  
was used t o  narrow the choice o f  possible components con t r ibu thg  t o  that  -peak, 
it was then usuaLl.y ra ther  simple t o  confirm or r e j e c t  each of the possible com- 
ponents f r o m  the mass spectrum. The re la t ive  retention volumes of a s10a.U number 
of pure hydrocarbons were dete-rmined under $e conditions prevailing i n  the quali-. 
t a t i ve  analysis, that  is, on the benzylbiphenyl column a t  121" C, "flooded" with 
500 pl of  benzene. From these data and the published values for  a l u g e  number of 
compounds a t  78.5" c (8), the r e l a t ive  retention volmes at la" C f o r  these com- 
pounds could be e s t i m t e d  with su f f i c i en t  accuracy f o r  the preliminary quali tative 
analyses. Once the presence of a compound had been established by The preliaiaary 
chromatographic and mass-spectrometric data, i t s  presence w a s  I U t h e r  confi-me0 by 
d i r ec t  experimental measurement of  i t s  r e l a t ive  retention.volune on the  benzyl- 
biphenyl colu?nn at 121" C, "flooded" - d t h  500 pl of benzene. Similarly, published 
mass spectra (1) were used f o r  the  p r e l h i n a r y  interpretations,  but once t k  pres- 
ence of a compound had been thus established, i t s  mass spec t rm vas dete,rmined by 
d i r ec t  experimental measurenent with the Model Z L - l o p  spectrorce+er. quali- 
t a t i v e  compositions of the substances producing the  peaks i n  the chronatogzm in  
F i m  2 are shown in Table 11. As m o r e  than one compoud con+zibuted t o  each 
impurity ~ a k  and as progressive freeziilg affected the concentpations of the com- 
pomds contributing t o  a n y  peak t o  d i f fe ren t  unknown extents, it vas obviously 
necessary t o  perfom the quantitative analysis d i rec t ly  on the o r ig ina l  lo benzene, 

il t f l i c a i  

To 

The quantitative analjrses we-re gerforned by co l lec t i% qumti 'at ively ia 
a cold t r ap  the substance producing each peak in the gas chromatogram of a knom 
amount of the  original 1' benzene (similar t o  Figure 2, but with smaller %IO- 

pur i t i e s  peaks). The time in t e rva l s  marked abo-re the chromatogram i n  Figure 2 
are  ident ica l  w i t h  those used i n  the trappings f o r  the quaati tative aaalyses. 
The en t i r e  contents of the t r ap  were then admitted to  the mass spectrometer and 
analyzed quantitatively. Since the concentrations o f  the several  impurities 
varied-over a very wlde range, not all of the peaks could be trapped f'rom a s lag le  
sample of the 1" coke-oven benzene. 
shown i n  Table 11. For a ve-ry minor inpurity, 500 
prac t i ca l  maximum accommodated by the chromatographic column, srould provide too 
snail an amount o f  impurity f o r  spectrometric m y s i s .  
f i c i en t  number o f  500-pl (nominal) portions of  the 1" benzene was chmmetographed 

succession t o  supply the necessary amount o f  impurtty f o r  the s p e c t r o ~ t z z c  
q s i s .  

Tliz amount of semple used in  each case i s  
(nomind),  which i s  the 

t h a t  case, a suf- 

When t b e  desired chmmatogmphic peak appeared i n  each chromatogram, 

I' 

1 

I 
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the same collecting t rap  was applied t o  the vent l i n e  o f  the  chromatograph until 
the necessary t o t a l  amount of that impurity had been collected. 

Because this whole procedure can be no more accurate and precise t h a n  
the quantitative operation of the cold t r a p s ,  these w e r e  studied carefully. The 

dianeter and 18 inches in length, provided with vacuum stopcocks near each end 
and a standard taper j o in t  a t  one end (8) .  
fo ld  arrangement connected t o  the vent l i n e  of  the chromatograph. 
o f  absorption of  minor components by stopcock grease and occasional plugging o f  
the capi l la ry  by frozen condensate l ed  t o  the adoption o f  a simpler system, which 
w a s  used for all the f i n d l  quantitative analyses. 
against the end of the vent IJne of the chromatograph. 
i n  place with Tygon tubing. 
design, l 7 j  m long, with the inner tube 6 mm i n  external d i e t e r  and the outer 
t u b e  16 mm i n  external diameter. The inner tube ended 1.5 mm above the bottom of 
the outer tube. One of  these t raps  w a s  connected t o  each arm of the Y-tube w i t h  
a section o f  Tygon tubing ju s t  long enough t o  permit the  application of a hosecock 
clamp. 
length of  Tygon tubing and clamp t o  the exit tube of  each t r ap  to  minimize back- 
diffusion of moisture and carbon dioxide in to  the t r a p  when it w a s  chilled. 
t r ap  w a s  purged a t  room temperature with helium before use. 
stopcocks i n  the system, grease w a s  eliminated. By connecting the traps t o  the 
Y-tube and manipulating the clamps a t  the proper times, any peak could b e  co l lec ted  
i n  a trap. Although this arrangemnt w a s  not quite as f a s t  or convenient as the 
manifold with stopcocks, it did eliminate the poss ib i l i t y  o f  p a r t i a l  loss of 
components by absorption in stopcock grease. 
about one-half t o  two-thirds of their length during use. As soon as the trapping 
was. completed, the l i qu id  nitrogen l eve l  was ra i sed  so that the en t i r e  length was 
immersed. By this procedure, l o s s  of  trapped material  by waxming of candensate 
i n  the upper pa r t  of the trap should be eliminated. The t r ap  w a s  butted to  the 
mass-spectrometer i n l e t  system with "ygon tubing, and i t s  en t i r e  contents-were 
analyzed quantitatively i n  the usual way. 

' f i r s t  t raps  used w e r e  slmple U-shaped lengths of cap i l la ry  tubing 2 mm in  inte-znal 

Six such t r a p s  were used with a toad- 
The poss ib i l i t y  

A sho-rt glass Y-tube was butted 
The bu t t  j o in t  was held 

The t raps  were of the conventional concentric tube 

A drying tube f i l l e d  with Ascarite w a s  connected with a similar short 

Each 
A s  there were no 

The t raps  w e r e  Imersed t o  o n l y  

The performance of this en t i r e  procedure was t e s t ed  by introducing known 
amounts of pure compounds o r  known mixtures in to  the gas chromatomaph, collecting 
the components in the ch i l led  t raps  connected t o  the  chromatograph vent line, and 
measuring the  amounts collected by mass spectrometry. 
f i r s t .  In seven tests, the recovery achieved was 80, 94, I l k ,  106, 109, 108, and 
101 per cent of  the amount introduced. A mixture comprising 62.7 volme per cent 
n-heptane and 37.3 volume p e r  cent cyclohexane (mass spectrometric analysis)  was 
t es ted  next. 
and 108 per cent of the heptane and 101 and 101 per cent of the cyclohexane intm- 
duced were recovered. 
procedure m i a t  be estimated a t  100 2 10  per cent, although, for reasons unknown, 
recoveries outside these l imits ,  par t icu lar ly  on the low side, may be observed 
occasionally. 

Pure n-heptane was used 

Each component was trapped individually.. In duplicate tes ts ,  lo8 

h-om these data, the  apparent recovery achieved with the 

Posit ive e r ro r s  (recoveries .higher than 100 per cent )  may be caused by 
1) excess =quid sample clinging t o  the outer surfaces o f  the  capi l la ry  p ipe t t e  
with which samples are introduced into the  gas-liquid chromatograph, and/or 2)  
e r ro r  in the  cs l ibra t ibn  of the very snmll capillazy p ipe t t e  (0. j p) v i th  w h i c h  
pure l i qu ids  are introduced in to  the mass spec t romter  for calibration. 
f i r s t  e r ro r  i s  variable; the second is constant. The fFrst e r r o r  was minimized 
by touching only the very t i p  of the p ipe t te  t o  the surface of the liquid semple, 
removlng the 'p ipe t t e  from contact with the l iqu id ,  and waiting perhaps 15 seconds 
before introducing the sample i n t o  the chromatograph. By t h i s  procedure, the 
excess l i q u i d  i s  minimized at the outset, and the very snail excess that cannot 

The 
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be avoided has tirce to  evaporate. The second e r ro r  i s  c a w d  by the d i f f i c u l t i e s  
during ca l ibra t ion  of fUing  with aercury tine very t i ny  volume of the mass spec- 
trometer p ipe t te  and emptying it completely. 
in  all the M p u i a t i o n s  and rep l ica t ing  the calibration with good repeatabil i ty,  
the authors know o f  no obvious improvement. 

Beyond exercising the utmost care 

Negative e r rors  (recoveries lower thaa 100 per cent )  may be  caused by 
1) failure t o  introduce the  en t i r e  sample i n t o  the  chromtogaph, 2) less than 
quantitative trapping, and 3 )  losses i n  introducing the L-apped sample in to  the 
mass spectrometer. Gross e r ro r s  o f  the f i r s t  kind can be detected inmediately by 
variations in the peak b i g h t s  in the chromatogran, and the t e s t  can b e  rejec-wd. 
The second e r r o r  is  d i f f i cu l t  t o  i s o l a t e  and study. Packing the t rap  o r  inc--easing 
the contact of the vapor with the t r a p  w a l l s  in other ways might inmase the  
efficiency of trapping, but might a l s o  make it more difficult to  vaporize a l l  the  
condensate into the mass spectrometer o r  t o  clean the  t rap  fo r  reuse. %s t h i r d  
e r ro r  vas ninimized by eliminating stopcock grease from 'he spectromter inlet system 
by but t ing  the t r ap  t o  it Kith Tygon tubing. 

Two special. modifications of the standard concentric cy l indr ica l  t raps  
were made. 
large peak No. 8, was trapped, s izable  anounts of the materfal of  peak No. 8 w e r e  
collected and plugged the ordinary t r a p .  
avoid this d i f f i c u l t y ,  with the  e x t e a  tube 24 mm in outside diameter and 115 mm 
long, and the in te rna l  tube 1 5  m in  outside diameter and 100 '9111 long. This +zap 
w a s  amply la rge  t o  accommodate all the materia collected,  
collected, t h i s  t r ap  was still l a rge  enough, but in this case it was desirable t o  
introduce the collected m a t e r i a l  i n t o  the mass spectrometer as a l iquid.  For . this  
reason, a small. t i p ,  8 m i n  diameter and 35 m long, was blom i n t o  the bottom of 
one of the special. traps. 
in  t h i s  'mp, the frozen condensate was melted into the s m d l l  t ip ,  which was then 
broken off t o  make the Liquid available. 

When peak No. 9 (Figure 2), t h e  s%i&!. peak on the l o n g  tail o f  the very 

A special  t r ap  was therefore made t o  

When peak >IO. 8 was 

After the  material from peak No. 8 had been collected 

A l l  the quantitative analyses were performed in  duplicate a t  least. In 
v i e w  o f  the f a c t  that those e r rors  (described above) t h a t  are most d i f f i c u l t  to  
control all tend t o  cause l e s s  than quantitative recoverles, rep l ica te  ana lyses  
t h a t  gave low resu l t s  were regarded with suspicion and repeated. 

Results and Discussion 

The qualitative and quantitative analyses of the mFxtures producing each 
of the  t en  peaks i n  the chromatogram of the 1" coke-oven benzene on the &-foot 
benzylbiphenyl column a t  121" C are tabulated i n  Table 11. In e v e r j  case, the 
residudL mass spectrum remainin@; after the contributions of  these comp-ts had 
been calculated was examined. For peaks No. 1, 2, 3 ,  4, 5 ,  8 ,  9 and 10, these 
res idua ls  were witbin the e q e c t e d  mass spectrometric error,  that is, no residual 
peak was laxger than 3 per cent of the l a r g e s t  peak in the mass spectrum and vas 
usually appreciably less. 
additional components (beyond those l i s t e d  in Table 11) would be iden t i f i ed  a t  
concentrations e x c e e w  approximately 0.005 mole per cent ( i n  each mixture) i n  
any more exhaustive investigation. 
was 4.3 per cent of  the height of the l a rges t  peak in the spectrum. Moreover, 
resiaual peaks occurred a t  masses 43, 57, 69, 71, 85 and 97, w h i c h  were 3 t o  4 
Per Cent of the height o f  the l a r g e s t  peak. 
i den t i f i ed  alkanes and/or  naphthenes, present at a t o t a l  concentration o f  less 
than a p p a m a t e l y  0.03 mole per cent, account for these ,peaks. 

tally. 

For these mixtures, it is highly probable tha t  no 

For peak No. 7, the l a rges t  residual mass peak 

It is highly probable that so= un- 

4 per cent of the  total 0.70 mole per cent impurity determined cryoscopi- 
This is  approld- 

I 

/ 

I 
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The type analysis calculated from the mass spectrum of peak No. 6 showed 
86 p e r  cent naphthenes and 1 3  per cent allranes, with an average czrbon number of 
8. W o m  the mass spectrum, the naphthene i s  very probably a trimethylcyclopentulee. 
The spec i f ic  isomer could not be identified,  however, because only s i x  of the 
possible eight geometric isolners of trirethylcyclopentane (excluding ste*oisomers) 
have been prepared i n  the pure s t a t e  and t h e i r  mass spectra published. 
t i v e  retention volume of peak No. 6 also confirms the hy-pothesis t ha t  the naphthene 
i s  a trFmethylcyclopentane. The impossibil i ty of identifying the aaphthene speci- 
f i ca l ly  a lso makes it impossible t o  ident i fy  the accompanying alkane specifically.  
From the  mess spectrum and the  r e l a t ive  retention volume, t he  alkane is very 
probably a rpc tane .  The estimates of the concentrations of the naphthene and the 
W e  were made from average published values f o r  the mass spectrometric sensi- 
t i v i t i e s  f o r  trimeth~lcyclopentanes and octanes, respectively. These- are only 
estimates, but peak No. 6 in any case accounts f o r  o d y  about 1.5 per cent o f  the 
t o t a l  impurities. 

The rela- 

Appreciable concentrations of impurities might be obscured by the very 
extensive benzene peak (similar t o  peak NO. 8, Figure 2). 
this peak was therefore collected and -zed as  prerLously described. 
material  was benzene of even higher purity than the benzene of 99.93 mole per cent 
>ur i ty  tha t  w a s  used f o r  calibration. 
t r a t ion  of Fmpwities being obscured by the benzene peak i s  therefore s l ight .  

T h e  chromatograms of “concentrated imp&Lties” on the polypropylene 

The material producing 
This 

The probabili ty o f  any appreciable concen- 

giycol 2025 (Figure 1) and the benzylbiphenyl (Fim 2) columns exhi3ited t b e  
and one peaks, respectively, arriving before peak No. 1. As the  t o t a l  copcen- 
t ra t ions  of the component(s) producing these peaks are very probably appEciably 
less than one part  per  million, no a t + q t  was made t o  co l l ec t  and i h n t i f y  t h e m -  

It can be seen from Table I1 that most of the 2-methylhe- was -Pound 
i n  peak No. 2, but that a s m a l l  amount w a s  a l so  found in peak No. 3. TILLS i s  a 
d i rec t  consequence of the f ac t  tht the 2-methyUexanq~had not been completely 
eluted with the other components o f  the f i r s t  peak, before the components of the 
second p e d  of the  p a i r  began t o  e lu te .  
found i n  peak No. 4, b u t - a  smal l  amount w a s  found i n  pealr No. 5. However, 
as l o n g  as both peaks of each pa i r  are trapped from the  sarne sample htroduction, 
no error i s  caused by this p a r t i a l  f a i lu re  t o  resolve the components. This pro- 
cedure was followed in  each of these cases. 

Similarly, most of the  n-heptane w a s  

I n  Table 111, zherefore, the qua l i ta t ive  and quantitative analyses of 
the  impurities have been tabulated on a cumulative basis,  without regard to  the 
d is t r ibu t ion  of a component between two peaks. 
as volume, weight, and mole per cent, all based on the whole benzene samyle. A 
t o t a l  of 20 impurities was ident i f ied  -- 8 alkanes, 8 naphthenes, 1 aromatic, and 
1 heterocyclic compound wiLh certainty; and 1 alkane and 1 naphthene k i t h  good 
probability. Neither o le f ins  nor carbon d isu l f ide  were detected, as was e-upected 
LfrOm their very low concentrations. The 501 pp?n thiopbene determined here agrees 
fairly well w i t h  the 444 ppm found by the isatin nsthod. 
of the impurit ies unaccounted fo r  agrees w e l l  with the approximately 4 per cent 
unaccounted f o r  in  -peak No. 7.  

The concentrations are e q r e s s e d  

The average 4.4 per cent  

For all the spec i f ica l ly  ident i f ied  components present in concentrations 
exceeding 0.007 mole per cent (1 per cent of the t o t d l  impurity), the average re- 
pea tab i l i ty  of the  determinations was 2 3.9 per cent; the  worst repea tab i l i ty  w a s  
- + 9.9 per cent. 
centrations less than 0.007 mole per cent, the average r e p a t a b u t y  wits 2 8.3 
per cent; the  worst repea tab i l i ty  was + 24.2 _Der cent. 
calculated from the t o t a l  impurities fzund, was 2 2.7 per cent. 

For du t he  spec i f ica l ly  iden t i f i ed  components pre=t in con- 

5ver-all repeatabil i ty,  
The accuracies 
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of individual analyses c m t  be estimated; in fact,  the only indication of ac- 
curacy i s  the t o t a l  average  cover^, 95.6 per cznt 0-P the t o t a l  -wiW measured 
by the crjoscopic zethod, which is  usua l l~  highly accurate f o r  a sample of t h i s  
kind. 

Tbe occurrence in coke-oven benzene of 2,2-dim=thylpentane; 2,k-dimethyl- 
pentane; 2-1~ethylhexane; 3,3-dimetiiylpentane; 2 ,343 .ue twlpenta~;  3-methylhe-; 
3ethylpentane; l,trans-2 dimethylcyclopentdzle; l , t r ans - j  d i n e t h y l c y c l o p ;  
and l , c i s - 2  dimetbylcyclopenke, which had been ident i f ied  ten ta t ive ly  by Anbrson 
and his  associates (6 ,  7), has now been established definitely. l,+aans-2, c i s 4  
trimethylcyclopzatane has been ident i f ied  in coke-oven benzene for the f i r s t  tine. 
(The occurrence of another trimethylcyclopentane is highly probable.) U v e n  new 
products o f  the high-temperature carbonization o f  bituminous c o d  have t h e r e f o r e  
been established with certainty.  
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Table I 

Enhancement of Concentrations of Impurities in 1" Coke-Oven Benzene 
by Cascade Application of Progressive Freezing 

Original 
1" Benzene 

0.2 

9.6 

13.4 

47.4 

20.2 

-- 
2 

-- 
0.4 

"10% Off, First pass, 
First Freezing" 

0-7 

25.7 

35.4 

124 

53 

-- 
8 

4.3 

1.0 

Chromatogram Feak H e i g h t ,  a rb i t ra ry  units 
"10% O f f ,  F i r s t  Pass, 

Second. Freezing" 
"Concentrated Impurities" 

1.7 

53.6 

74.2 

251 

99 

3.7 

19 

6.0 

2.8 



Table I1 

Qualitative a d  Qusntitative Analyses of the Individual. Peaks i n  the 
Gas-Liquid CLroma+agran of  1” Coke-Oven Benzene 

Totel  V o l m  
Peak No. of sanrple, 
(Figure 2 )  p l  

1 1514.4 

2 1009.6 

3 1 0 ~ 9 . 6  

4 169.4 

5 169.4 

6 1514.4 

7 169.4 

8 169.4 

9 169.4 

10 1009.6 

2,2-dimethylpentane 
2,4-dimethylpentane 

2-me thylhexane 
3,3-&e thylpentane 
me thylc  yclopentane 

2-nethylhe xane 
methylcyclopentane 
2 ,3-d i~e  thylpentane 
3-me thylhexane 

0.000130 0 . 0 0 0 ~ 6  0.000123 

0.0231 0.0221 0.0226 
o.000870 0.~00827 0.000849 
o.oo5g7 0.00599 0.00598 

0.000308 0.000425 0.000367 
0.000671 0.000648 0.000659 

0.0251 0.0232 0.0242 

0.000747 0.000454 0.000601 

0.0156 0.0134 0.0145 

n-heptane 0.0880 0.0844 0.0862 
1,l -dime thylcyclopentane 0.00697 0.00682 0.00690 
j-ethylpentane 0.00523 0.00406 0.00465 

n-heptane 0.00490 0.00529 0.00510 
cyclohexane 0.0644 0.0613 0.0629 
1, trans -2 d i m e  thylcyclopentane 0.0550 0.0447 0.0499 
1,trans-3 dimetnylcydopentane 0.0448 0.0487 0.0468 

a trimthylcyclopentane ( ? )  - 0.00690 - o.oog5o - 0.0~820 
an octane ( ? )  ” 0.0010 -0.0010 -0.0010 

me thylcyclohexane 0.229 - 0.U4 0.222 
1, cis-2 diinethylcyclopentane 0.0196 o.oi8i 0.0189 
l1trans-2,cis-4 t ruethylcyclopentane 0.00744 0,00677 0.00711 

benzene Pure benzene 

benzene 
thiophene 

0 - 47-77 
0.0466 0.0465 0.0466 

benzene 0.0862 0.0959 O.O9ll 
toluene 0.0330 0.0338 0.0334 

, 

J 

, 
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. .. Table I11 

Qualitative and Quantitative Analyses of the Impurities i n  
lo Coke-Oven Benzene 

B o i l i n g  Point Analysis, Basedon Benzene sample 
Peak No. of Pure ' Mole Fer Cent . Average 

lFlgure 2 1  Component, "C Component T r i a l 1  T r i a l  2 Mole 5 VOl $3 w t  $ -- - -  
79-205 2,2-dimtQlpentane 0.000130 0 . 0 0 0 ~ 6  0.00012 0.00021 0.00016 
80.51 2, 4-dimethylpentane 0.000747 0.000454 0,00060 0.0010 0 , O O O n  

90-05 2-methylhexane 0.0234 0.0225 0.0230 0.0381 0.0295 ., 
86.071 3,3-dimet&lpentane a.000870 0.0008p 0.00085 0.0014 o.0oll. 

89 - 79 2,3-dimethylpentane 0.0156 0.0134 0.0145 0.0235 0.0186 
91-95 3-methylhexane . 0.0251 0.0232 0.024 0.039 0.031 - 

1 

2 & 3  71.812 methylcyclopentane< 0.00664 0.00648 0.00656. 0.0083 0.0071 .- 

98.428 
87.8k 

93.468 - 
4 & 5  80.738 

91.87 

90 - 77 

n-heptane - - -  0.0929.- 0.0897 0-0913 
l,l-dimethylcyclo-- 0.00697 0.00682 0.0069 

3 s t h y l p n t ~ &  - -  0.00523 0.06406 0.0047 
cyclohexane 0.0644 - 0.0613 0.063 
1,trans-2 dimethyl 

1,trans-3 dinethyl  

pentane 

cyclopentane 0.0550 0.0447 0.050 

c yc lopentane 0.0448 0.0487 0.047 

6 . - a trlraethylcyclo- -0.0069 -0.0095 c0.0082 
pentane ( ? )  

. an octane ( ? )  c 0.0010 -0.0010 -0.0010 

100.934 met-hylcyclohexane 0.229 0.U4 0.222 

7 cyclo-pentane 0.0196 0.0181 0.019 
99.53 l ,c is-2 dimethyl 

109.2% l,trans-2,cis-b tri- 
methylryc1openta;le 0.00744 0.00677 0.0071 

9 84.1 thiophene 0.0466 0.0465 0.0466 

10 ~ 0 . 6 2 3  toluene 0.0330 0.0338 0.0334 

To tal 0.685 0.652 0.670 

$ of  the total 0.70 mole $ impurity 
accounted for  97.9 93-1 95-6 

unaccounted for 2.1 6.9 4.4 
$ of the  t o t a l  0.70 mole $ impurity 

0.150 
0.010 

8.07 5 
0 077 

0. a63 

0.060 

-0.014 

~.0.0018 

0.319 

0.027 

0.012 

0.0411 

0.0396 

0-933 

O a U 7  
0.0087 - 
0.0060 
0.068 

0.054 

0.051 

-0.012 

.-J 0.0015 

0.279. 

0.024 

0.010 

0.0501 

0.0392 

0.808 
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